GEA A CA CRA 


No 2 


September 1954 


F. ZERNIKE, Nobel laureate for physics, 


bye Ab Gens: 


During the 24th Dutch Physical and Medical Con- 
gress in April 1933 a paper was read by F. Zernike 
on a new method of microscopical observation. The 
reading did not take more than 20 minutes, the 
text [1] published in Dutch, covers barely one page 
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of the light originating from these spectra, attention 
is drawn to the fact that a phase grating is not obser- 
vable as such in the image. While this was shown in 
a demonstration the question was put forward, why 
the lines in the phase grating, consisting of a regular 


Photograph taken by Prof. Dr. H. M. Dekking 
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and a half: it is written in simple words and without 
mathematical symbols. Starting from ABBe’s theory 
of the formation of the image of a grating in a micros- 
cope, where the diffraction ‘* images ” or spectra in the 
focal plane of the objective are held responsible for 
producing the image of the object by the interference 
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succession of alternately thicker and thinner areas, both 
being perfectly transparent, are not visible, as they 
are producing diffracted light, as in the case of alter- 
nately clear and blackened lines. It was further men- 
tioned that calculation shows that visibility is lacking 
because the direct image of the light source in the 
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focal plane of the objective (the diffraction image of 
order zero) has a phase difference of 90° with respect 
to the other diffraction spectra. 


The speaker continued by remarking that various 
methods are known to show the transparent lines : 
central dark field illumination by stopping the direct 
light, observation by the Schheren method by scree- 
ning off the spectra on one side, and lateral dark field 
illumination by screening off the spectra on one side 
together with the central image. Another method 
still exists : observation out of focus, as in that case 
the path differences of the light from the spectra, pro- 
duce an observable structure in the image. In no one 
of these cases, however, has the image an accurate 
resemblance to the object, while it is desirable to have 
a reproduction of the different thicknesses in the object 
by means of proportional intensities in the image. 
ZERNIKE then made the observation that the theory 
of Anse, extended to include the phase relations in 
the image, readily indicates the means to obtain the 
desired image. It is only required to change the phase 
of the direct light by 90° with regard to the diffrac- 
tion spectra, which can be contrived by a transparent 
glass slab in the focal plane of the objective bearing a 
transparent line of the correct thickness. This was 
shown by projection, while at the same time the 
black lines in the grating with opaque and transparent 
lines were shown to be lacking in the image. It was 
further mentioned that not only a regular pattern of 
lines, but also transparent detail of arbitrary form 
can be reproduced with the described method, for 
which the name phase contrast method was proposed. 
Areas in the object with higher refractive index appear 
lighter in the image, when the phase strip in the focal 
plane is a retarding one (is thicker), and darker in the 
image, when the strip is an accelerating one (is thinner 
than the surroundings). 

Lastly photographs were shown of an unstained 
botanical preparation, obtained by the different me- 
thods deseribed. 

This communication gave no rise to discussion, and 
it is interesting to recall this simple note containing 
the first publication on the phase contrast method. It 
has furthermore the characteristic qualities of all 
ZERNIKE’S work : a searching analysis of a problem, 
the laying bare of the essential features, after that the 
simple solution, and lastly the practical application 
of the new principle. One more feature is noteworthy : 
here as on nearly every other occasion he made the 
essential parts of the beautiful experimental appara- 
tus with his own hands. Another side, however, of 
ZERNIKE’S activity is not illustrated in the cited note, 
that is his mathematical proficiency. 

Those who have known Zernike for a long time 
have always been impressed by this combination of 
clear physical reasoning, experimental dexterity and 
mathematical power. As his pupil, Professor J. A. 
Prins, remarked in his speech at the Amsterdam 
meeting of the Dutch Physical Society on 24 Novem- 
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ber 1953 in honour of the award to ZernikeE of the 
Nobel Prize for Physics for 1953 : ‘‘ One can always 
learn much from ZERNIKE. To any question whatever 
he always has an expert answer, often, it is true, on 
quite a different subject, but always worth while ”. 

Though the phase contrast method, introduced by 
ZERNIKE, can be assumed to be well known to the 
readers of this periodical, together with its theoretical 
background and its many practical sides, it seems 
appropriate to give a brief account of ZERNIKE’S acti- 
vity on this subject and in the optical field generally. 

His first publications were a prize paper, written 
as a student [2], and his thesis, based on a prize paper 
on critical opalescence [3]. Born in 1888 in Amster- 
dam he was then 27 years old and had made his stu- 
dies in chemistry there. After having been for a short 
period an assistant to the astronomer KAPTEYN in 
Groningen, he was appointed lecturer in theoretical 
physics at the University of Groningen in the same 
year, 1915. His position was converted into an ordi- 
nary professorship in 1920. In 1941 his title became 
professor in mathematical and technical physics and 
theoretical mechanics. He was elected a member of 
the Royal Academy of Sciences at Amsterdam in 1946. 

Though before 1933 Zernike’s activities included 
optical research, his main interest was with a few 
xxceptions [4] in statistical problems. Theoretical 
and experimental work on the natural limit of obser- 
vation of electric currents, onthe molecular structure 
of fluids and on magnetic properties of crystals, in 
part published together with others, was related to 
mathematical statistics [5]. In 1928 he contributed 
an article on probability and mathematical statistics 
in Handbuch der Physik [6]. A new form of very sen- 
sitive galvanometer of the moving coil type was the 
result of a searching inquiry and an unusual technical 
dexterity [7]. 

In the field of optics his work included studies of 
the transparency of air and quartz in the ultra-vio- 
let [8], the proportion of the absorption in the compo- 
nents of the red hydrogen doublet [9], and the theory of 
FRESNEL’s dragging coefficient first mentioned in a 
lecture in 1920 and published in 1947 [10], while the 
reflectivity of metals in the infrared has been studied 
by his pupil Lameérts [11]. In the second paper it is 
shown experimentally that the lifetime of the two end 
levels of Ha cannot be very different, sc that there is 
no question of metastability of the lower level. 


Since 1933 ZeERNIKE has published several articles 
on phase contrast and related subjects of optical 
observation. Before mentioning them, we should like 
to call attention to the fact that statistical methods 
are often used, especially where the subject of cohe- 
rence is treated. Let us add that mathematical sta- 
tistics is the main feature of several other later publi- 
cations, as that on the theory of the Senftleben effect 
together with C. van Lier [12], on the propagation 
of order in co-operative phenomena [13], and on the 
theory of RayLercu scattering (thesis of R. S. Kr- 
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TEL [14] ). In the latter it is proved that the intensities 
of the components of the RayLeracu triplet can be re- 
lated in a simple way with the specific heats cp and cy. 
Related with statistics too is the subject of the thesis 
of an other pupil, H. J. pe Borer [15]. 

Reverting to the optical work we would mention 
first the articles published in 1934, in which the phase 
contrast method is elucidated in connection with and 
in contrast to the knife edge test [16]. In 1935 fol- 
lows a short communication on the usefulness of 
phase contrast for microscopic observation [17]. In 
1942 more elaborate articles appear, where ZERNIKE 
gives more fully the theoretical background of the 
new method [18]. In the Dutch article cited the fun- 
damental agreement of the theories of ABBE and Lord 
RAYLEIGH is laid bare and their apparent contradic- 
tion reduced to a different order of integration. To 
this point ZERNIKE reverts several times in his publi- 
cations, e. g. in a contribution in La théorie des images 
optiques [19]. 

Again in 1948 the theory of the formation of images 
is described along the same lines, in an article publish- 
ed after the war [20]. Of the more recent develop- 
ments of the phase contrast method we mention col- 
our phase contrast, presented in 1946 [21]. 

In connection with the theory of the knife edge test 
and of the phase contrast method applied to the dif- 
fraction image in the focal plane of the objective, the 
influence of aberrations is studied by ZerRnNIke in his 
papers of 1934. On this occasion the writer recom- 
mends the use of orthogonal polynomials, which in 
polar coordinates have the form R'(r) sin m(e—a), 
where 2 — m is even, m<n and RF a finite hyper- 
geometric series. Here for the first time the circle 
polynomials are introduced, of which the writer sub- 
sequently has made such fruitful use and which are 
now often called ZERNIKE’s polynomials. 

The difficult field of the energy distribution in the 
image when aberrations are present and diffraction 
cannot be neglected was attacked by Zernike and his 
pupils in later years with the aid of these functions. 
The aberrations of a concave grating had been studied 
by him from the theoretical and the experimental 
side in 1935 [22] and practical applications and hints 
again result. The calculations of the form of the aber- 
rational figures, however, are of a more searching and 
elaborate nature [23]. The numerical results are in 
good agreement with the pictures obtained experi- 
mentally (see in particular the work of Nrenuurs[24] 
with its beautiful photographs). The aberrations are 
not classified in the usual way in terms of the power 
of the distance o of the image point from the axis, of 
the distance r of the point of intersection P’’ of the 
emergent ray with the exit pupil (expressed in terms 
of the radius of the exit pupil) and cos 9, where 9 is 
the azimuth of P’’, but the single aberrations are defi- 
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cos mp, where R’” has the meaning given above. 


The evaluation of the diffraction integral can be per- 
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formed by expansion. With the definition given here 
of the aberrations the maximum intensity in the pat- 
tern appears to be that of the maximum in the Airy 
pattern minus a sum of terms each to be ascribed to 
one of the aberrations present. This beautiful and use- 
ful result holds only for small values of the aberra- 
tion coefficients, as indeed does the whole of this 
theory. The transition from this case to that of large 
values treated from the geometrical point of view has 
also been the subject of an investigation by one of the 
pupils of ZERNIKE, VAN KAmMpPEN [25]. 

Another trend of thought, which has occupied 
ZERNIKE repeatedly, is the coherent background, in 
the first place in connection with experiments in dif- 
fraction. During the Paris Optical Congress of 1946 
he showed some brilliant and very simple experiments, 
by which the influence of the coherent background 
was demonstrated in a clear way. Though he had 
already called attention in 1938 to this principle, of 
much importance from the theoretical as well as the 
practical point of view [26], he again reverts to it in 
1948, when the influence on ‘‘ images” is stressed [27]. 
This second field of application of the coherent back- 
ground has further been elaborated in the thesis of 
NiENHUIS [24]. 

A most elegant application of the coherent back- 
ground was presented during the Buffalo meeting of 
the Optical Society of America in 1949. With the use 
of five simple slits the possibility was shown of measu- 
ring phase differences to within a few thousands of a 
wave length, a method which ZERNIKE used to cali- 
brate his phase contrast strips [28]. 

The theory of diffraction, based on the diffraction 
integral of KircHnorr, is only an approximate one. 
The solving of the MAXWELL equations with the ful- 
filment of the exact boundary conditions at the bor- 
ders of the diffracting screen is extremely difficult. 
Under Zernike’s direction one of his pupils, C. J. 
Bouwkamp, has studied the scalar case and given a 
solution for a circular aperture [29]. 

Since this work, applicable to sound propagation, 
research on the electromagnetic case has been con- 
tinued, and we can only hope it may lead to practical 
results, since the subject is of great importance in 
connection with modern microwave techniques. 

ZERNIKE was never afraid of mathematical difficul- 
ties, even when he preferred to think in physical 
terms. As his pupil NisBorr stated, he was equally 
conversant with Wartson’s treatise on BresseL func- 
tions as with the use of a turning lathe or a fraise. Of 
his more purely mathematical publications we men- 
tion those on the properties of the orthogonal polyno- 
mials, that appeared of so much use in his hands [30]. 

Looking back over some forty years of scientific 
activity Frits Zernike should have a feeling of satis- 
faction with what he has accomplished. Even taking 
into account the achievements in optics only, his 
output is of very high quality. The scientific world 
has honoured him on several occasions: the Royal So- 
ciety awarded him the RumrorpD medal in 1952, in Ja- 
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nuary 1953 the University of Amsterdam conferred on 
him the honorary doctor’s degree for medicine, thus giv- 
ing an appropriate expression of the value of ZeR- 
NIKE’S work for medical science, anc in November 
1953 the Nose prize placed him in the eyes of 
the world among the very great — thus confirming the 
feeling of all who knew his work. 

We are convinced that this distinction will not 
alter his method of working. He never tried to obtain 
more than the usual amount of money for his experi- 
mental work, he even did not use more than one room 
for it, and worked with not more than one assistant. 
The wire for his galvanometer was drawn by himself 
from copper, which was electrolysed by him. The pu- 
rity was so high that every trace of ferromagnetism 
was eliminated, but the diamagnetism of the coil 
threw it out of the magnetic field. This trouble he over- 
came by coating the wire with a paramagnetic lac- 
quer. And who of those, that were present, has not 
rejoiced in the simple beauty of the experiments du- 
ring his lectures in Paris and elsewhere. Comparison 
with Lord Rayveicu naturally arises. Like him, for 
that matter, ZERNIKE has “‘ cleared ”’ several regions 
in physics by profound research. Let us hope he will 
attain at least the same old age as Lord RayYLeiGuH in 
the same healthy state of mind and body. 

It is gratifying that the value of ZerNike’s work is 
appreciated in a convincing way, even though he did 
not do research in quantum mechanics or nuclear 
physics. There has been a tendency to forget what 
physics stands for : understanding of the relations un- 
derlying the workings of nature in all its aspects. We 
are happy to have ZERNIKE in our domain. 
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Natural line widths of spectral lines and spectral band widths from 
monochromators determined by means of phase contrast interferences 


by Ertk INGELSTAM 
Optics Laboratory, Royal Institute of Technology, Stockholm 70, Sweden. 


SUMMARY. — An examination is made of how the phase contrast method, which is not necessarily limited to phase differences in the 
object which are small compared to the period, works with phase differences of very many periods. When used in this way, a 
set-up such as a phase contrast refractometer of the present writer offers a simple method for the measurement of natural line 
widths of spectral lines. Formulae for different line shapes are given. Experimental material is presented for a spectral mercury 
lamp with different monochromator widths, utilizing the 5461 line. The use of the 198-mercury lamp in this new type of 


interferometry is discussed. 


SoMMATRE. — La méthode du contraste de phase n'est pas nécessairement limitée a des différences de marche dans Vobjet, petites par 


rapport a la longueur donde ; 


UVauteur étudie la méme méthode mais avec des différences de marche importantes. Une application 


au réfractometre a contraste de phase, donne une méthode simple pour la mesure de la largeur naturelle des raies spectrales. Des 
formules pour différentes formes de raies sont données. Des résultats expérimentaux sont présentés pour la raie 5461 A donnée 
par une lampe a mercure pour différentes largeurs. L’emploi de la lampe a tnercure 198 dans ce nouveau type d’interférométre est 


disculé. 


ZUSAMMENFASSUNG. — Im Gegensatz zu der itblichen Anwendung der Phasenkontrastmethode auf Phasenunterschiede im Objekt, 
die klein sind gegeniiber der Periode, wird untersucht, wie sich die Phasenkontrastmethode bei Phasenunterschieden von sehr 
vielen Perioden bewihrt. Es ergibt sich dabei eine einfache Miglichkeit, mit einer geeigneten Einrichtung, zum Bespiel mit einem 
Phasenkontrastrefraktometer, die natiirliche Linienbreite von Spektrallinien zu messen. Die Formeln ftir verschiedenartige 
Linienformen werden angegeben. Die Versuchsergebnisse fiir die Linie 5461 einer Quecksilber-Spektrallampe bei verschiedener 
Breite des Monochromatorbereiches werden mitgeteilt. Die Verwendung einer Lampe mit Quecksilber des reinen Isotops 198 in 


diesem neuartigen Interferometer wird diskutiert. 


1. GenerAL. — As is well known, the phase con- 
trast method of ZernikE mainly consists in making 
phase changes in the diffraction spectrum from a 
transparent object in order to convert its phase diffe- 
rences into intensity differences. This succeeds fairly 
well — without disturbing effects in the image — for 
certain particular phase functions of the object, espe- 
cially for a one-dimensional sinusoidal variation with 
many periods across the object, or one single phase 
strip differing in phase from the rest of the field, provi- 
ded that this strip is narrow with respect to the 
field [1]. This second arrangement, which was used by 
the present writer in a phase contrast refractome- 
ter [2], makes it possible for phase differences of any 
value to be impressed by the strip on the wave-front 
leaving the object. Referring to figure 1, when the 
narrow strip consists of a central part A of a plane- 


parallel cell, thickness t, and the rest of the field is the 
much larger part B, these two parts being filled with 
mediae of refractive indices n, and n,, the path diffe- 
rence A and the corresponding phase difference o are 
obviously 


(1) A=t(n,—n,); 9 =—2rA/fA=—kA. 


As stated above, this difference is not restricted to 
the small fractions of a period which are of special 
interest in microscopy, and not even to one or several 
periods, but may include very many periods. This fact 
is implicit in ZERNIKE’s papers, although his mathe- 
matical treatment was limited to the case where 9 is 
small: this is a natural simplification in microscopy, 
where the primary requirement is high phase sensi- 
tivity. It may be that some of the wider possibilities 
of the method have sometimes been overlooked on 
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account of this limitation; as well as the present 
writer, H. H. Hopkins [8] has also drawn attention 
to this circumstance. 

In fact, a set-up such as that shown in figure 1 can 
be characterized as an interferometer (‘‘ interference 
with coherent background ”) where the hght from 
part A adds with amplitude addition to the light from 
part B, to build up, with the help of the phase turning 
device C (in figure ta a phase plate, for technical rea- 
sons, rather a phase mirror), the phase contrast image 
at plane E. The device converts, as does any interfe- 
rometer, phase differences, in this case in A, into inten- 
sity differences. The two waves split up and later join- 
ed to interfere in this type of interferometer are 


= 
Loz) 
1s 
Te 
malifss 
a6 
[= 
Fic. 1.— Phase contrast device for refractometry : 
a the general layout and b some explanatory details : 
A, B refractometric = interferometric cell, parts A 


and B (the latter interconnected), C phase turning 
device, here phase plate, D lens imaging plane AB 
onto plane E, the phase contrast image plane or mea- 
suring plane of the interferometer. G exit slit of mo- 
nochromator = entrance slit of refractometer. 


firstly, that from part A, which traverses the phase 
turning device mainly in its peripheral zones (in mi- 
croscopy called ‘‘ diffracted light ’’), and secondly that 
from part B traversing mainly the narrow central 
zone of the phase device (‘‘ direct light ”’). According 
to theory [2], the ratio of intensity of part of the 
image of zone A in the image at E to that of zone B 
(to be accurate, its average intensity) is a periodic 
function of @ with 27 as the period, or of A with ) as 
the period. The accuracy with which the phases are 
measured can, for several reasons, be made very 


high [4, 5]. 


2. TREATMENT FOR VERY MANY PERIODS. — The 
simplicity of this method makes it attractive for exa- 
mining what is always a limiting factor in precision 
interferometric methods for very many wavelengths, 
namely the monochromacy of the light source (a spec- 
tral line or monochromator band). This is an applica- 
tion of the method at the opposite end of its range 
from its most important use, microscopy, where, as is 
well known, the spectral quality of the light used is not 
at all critical, and even white light may be an advan- 
tage as it offers the possibility of working with ‘ co- 
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loured phase contrast ”’, in separating its spectral com- 
ponents by diffraction. 

The theoretical treatment normally given is made 
assuming exactly monochromatic light of wavelength 
4 from the spectral lamp or the monochromator prece- 
ding the entrance slit, at G, of the set-up. We need 
here only recall the essentials of this theory, introdu- 
cing the notation necessary for the further treatment. 
In figure 2, following the Fresnex vector treatment as 
was done by ZeRNIKE [6,1] instead of formulating the 
amplitude and phase relations analytically, O' is the 
vector origin of the amplitude O’A of the light from 
the A part of the phase contrast image, and of the cor- 
responding amplitude O'B of that from part B. The 
position of O' is physically determined by the phase 
angle | introduced in the diffraction spectrum at the 


A 


Fic, 2. — Ordinary FReESNEL vector diagram (see 
e. g. Refs. 6,1 and 2) where O’ is the origin of the un- 
dulation amplitudes O’A (OA turning with changing 
phase in wave front through A) and O’B fixed. First- 
approximation theory. 


phase plate and by g, the ratio of the amplitudes 
transmitted through the phase plate in the central 
zone and in the peripheral zones. We shall later use 
polar coordinates to define O', by 

e = (1 + g? — g cosy) 
and the angle «. 

If the width of A is negligibly small with respect to 
B, and if there are no stops in the object field within 
the refractometer cell, the square of O'A gives the in- 
tensity of the image strip A, and the square of O/B 
that of B. When the phase 9, or A, of A changes accor- 
ding to (1), the point A moves round the circle and 
gives the periodic intensity fluctuation of (O'A)2, 
while (O’B)?, the intensity due to the coherent back- 
ground, is constant. However, the finite width of A, 
and the stops, modify the image with known and cal- 
culable diffraction effects which have been treated else 
where [2]. These effects, being the same in every 
period of 9, have no influence on the questions treated 
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here. Irrespective of the geometry, we have thus for 
strictly monochromatic light, a strictly periodic inten- 
sity fluctuation (1 period = 1 turn = 1 wavelength 
= 1 order of interference). In general, we denote by N 
the order of interference. 


3. FINITE SPECTRAL LINE WIDTH IN DIFFERENT 
cASES. — For a finite spectral line width, as is met 
with in practice, O' corresponds to the ‘ center of gra- 
vity ” of the wavelength band. Its components lie on 
the small arc at O' seen in figure 2, due to the fact that 
y is approximately linearly dependent on wavelength, 
while g is not. It is easily found that this influences the 
following calculations only to the same order of mag- 
nitude as the change of one unit of NV. 


The most important change at higher orders of in- 
terference is that the vector OA spreads out into a fan 
of vectors, each corresponding to its own wavelength, 
thus representing incoherent light. A vector represen- 
ting a change of Ad to a fixed wavelength will 
change the value 9, Eq. (1), in the following way. The 
angular value 9 is in the Vth period, and it may thus 
be written 9 = 2x(.V + p), p denoting the fraction of 
order determining its value precisely. By differentia- 
tion of (1), we have Ag = — oA2/a, and substitu- 
ting, 


(2) Ag 


Obviously, with increasing orders JV, the intensity 
function (of g) is changed, and the different orders are 
incongruent. 

We will assume that the entrance slit is illuminated 
by a band of wavelengths, because of a finite resolving 
action of monochromator, or because of the structure 
of a spectral line which is itself well isolated. We 
assume that the spectral band is narrow with respect 
to a, as this is the only case of interest in this connec- 
tion. In the first place, the maxima and minima of 
intensity are considered. In order to examine the varia- 
tion with NV, the fractional factor p is omitted, as its 
variation is only within unity. This means that the 
angular position of O' («, fig. 2) is of no influence. 


—2n(N + p) \a/A = — A(N + p) An. 


a) A doublet of two strictly monochromatic lines 
of equal intensity. — The wavelengths of the two 
lines, A, and 2g, (A, > A)2, make the vectors in the Nth 
order fall in the positions shown in figure 3. The inten- 
sity from the whole doublet in the position where it 
gives maximum and minimum intensity is the sum 
of the squares of the two amplitude vectors : 


Ay — As \ 
Fpl as 8 ott 1 pcos kv a | 
\ 


es =) 
2 
From the experimental point of view, it is natural to 


examine the ratio f = (Imax — Imin)/Ilim(N=~), a8 
it is directly accessible from a curve of intensities 


(3) 


Imin = 2 Amin? = 2(e+ 1—2pcoskN 
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SPECTRAL LINES 
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Fic. 3. — Two ideally monochromatic and equally 
strong spectral lines giving phase contrast in the Nth 
order, 


for successively increasing orders V of interference. 
We obtain, asdiim = 2 Alm’? = 2 6, 
4 ei =U 
(4) cos 
° 2 
or for later comparisons, as the angle is small and 
higher powers than the second are omitted, and fur- 
ther the value of k is introduced, where d is the mean 
value of the wavelengths in the doublet, 
4 ne (Ay — Ag)? ; 
5 =—(1— : N? 
OMe ae . ) 

In figure 4, it is shown schematically how the inten- 
sity fluctuations are damped down with increasing 
order of interference. The second-degree function of 
the ratio, according to (5), is in this case directly deter- 
mined by the wavelength difference of the doublet. 


Fic. 4. — Fall-off curves of maximum and mini- 
mum intensities with increased order of N on account 
of finite width of spectrum illuminating entrance slit. 


b) A wavelength band of equal intensity for all wave- 
lengths within its width \. — The line shape of 
figure 5 b gives rise to the fan of vectors represented 
in figure 6. The scale of intensity and amplitude is nor- 
malized so that the unit radius represents the light 
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Fic. 5. — Different spectral distributions relating 


to the subsections of Section 3. 


from the integrated fan. In order to obtain resulting 
intensities in the maxima and minima, integrations 
over all the vectors A should be performed, as is inves- 
tigated more closely in Sect. 6, Appendix, and the 
equation of the fall-off curves is found to be 
= mee ne | 
Che yOu pt) 

If sufficiently many periods of a function like that 
of figure 4 are accessible, the coefficient of the second- 
degree term is experimentally determined. 


i 
6) f=s1— 
P \ 


Fic. 6. — Fan of vectors belonging to a spectral 
band in the Nth order. 


c. A spectral line or wavelength band of half width 
4A and symmetrical intensity distribution. — A real 
spectral line has an intensity distribution closer to 
that shown in figure 5 c, but the shape, which is due 
to many physical factors, may vary considerably. 
When the shape is measured in a spectral apparatus 
of any kind, it will also be influenced by technical cir- 
cumstances such as slit widths. Most, often in spectros- 
copy the half width Ad is given as measured at the 
position on the intensity distribution curve where in- 
tensity is half of that of the peak. The detailed shape 
even of a line of simple intrinsic structure is, as is well 
known, very difficult to ascertain exactly, and is often 
assumed to be of cosine squared type, Gaussian distri- 
bution type, or resonance line type with a quadratic 
form entering into the denominator. 

In our problem, the shape determines the integrals, 
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but, as demonstrated in Sect. 6, changes the factor of 
the second-degree term so that a structure factor s 
appears multiplied with Ad, here interpreted as the 
half width. This factor s is not far from unity for nor- 
mal line shapes, and it is obvious from the calculations 
how it is related to the line shape and the spectrosco- 
pical convention of Ad. 

The width and shape of a spectral line or of a nar- 
row band of spectrum, can of course be studied in a 
high-resolving instrument such as a LUMMER-GEHRKE 
plate, a Fapry-Peror interferometer, or with more 
difficulties in a gratings equipment. What is interes- 
ting in this phase contrast device is that the line width 
times a structure factor, thus s A’, may be obtained 
directly using very simple devices (see Sect. 4), by 
studying fall-off curves such as that shown in figure 4. 


d) A spectral line or line group of unsymmetrical 
intensity distribution. — Without any calculation, it 
can be stated that a distribution curve like that of 
flzure 5d gives rise, not only to fall-off with increa- 
sing V, but to changes in the positions of maxima and 
minima and the intensity curves of different orders, a 
fact very well known in precision measurements with 
interference with large path differences. This does not 
always make such measurements impractical, as cor- 
rections can sometimes be applied, as is often done. 
For example, in the case of a doublet as treated un- 
der a), or a doublet having components of different 
intensities, the periodic appearance, and ‘‘ modula- 
tion ”’, of the curves of figure 4 can well be taken into 
account and corrected for when making precision mea- 
surements with the phase contrast refractometer. 


4, EXPERIMENTAL APPLICATIONS. — When using 
this method of measuring spectral line widths by 
means of studying intensity ratios in a fixed image 
field of phase contrast, the first question is what order 
of interference it would be best to use. As is at once 
obvious, the fall-off is directly dependent on the pro- 
duct VA%. In order that our formulae should be valid 
without any appreciable correction, (Sect. 6), one 
could limit oneself to measuring down to fall-off of 
25%, and if the measurements are to be safe and at the 
same time simple, the fall-off should not be less than 
about 1%. We will check these suggested regions by 
means of Eq. (6), with spectral line widths A) of any 
possible interest. Three values of line widths, in geo- 
metrical series, may be selected as representative of 
categories : 


(A) 4A = down to 5A Simple monochromators and 
spectral lines with conti- 
nuous background. 


(B) Sx ONG eA Good monochromators, and/or 
well isolated spectral lines 
with ordinary fine struc- 


ture, broadening effects etc. 


(C) Ar = 0.005 A Pure-isotope lamps in medium 


excitation conditions. 
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The orders of interferences in these three cases, ac- 
cording to what was just said, are, in order, 


up to 85-420 2 700-13 000 85 000-420 000 


The next question is, how the path differences suit- 
able for these tests should be obtained. The cell 
lengths t and the refractive indices of available media 
[see Eq. (1)] must now be considered. 

There are no technical difficulties in making and 
using cells of the type shown in figure 1 from t = 2 mm 
to say 250 mm, with the lenses so far used of 1000 mm 
focal length, and suitable slits. At the moment, cells 
of 2, 10 and 100 mm are being used in this laboratory. 
The thin walls between the parts A and B should be 
tight for gases and liquids, which is easily arranged for 
chemically non-reactive substances, as has been shown 
in applications. The inferior limit of 2 mm for t is set 
by the need of haying connections for gases and li- 
quids in the cell block ; the upper limit is set mainly by 
thermostatic considerations, as in an ordinary inter- 
ferometer. 

It is advisable to have cell A filled with gas, as it is 
then very easy to vary n, by means of the pressure, 
For air (xn — 1 = 293 x 10-* at room temperature) 
the change of pressure from normal atmospheric pres- 
sure to yacuum gives the following variations of per- 
iods V,for 5461 A : 

i ne) be Am = 200 mn; 
he) ep een!) N= 2305 
or, if we use a gas of higher refractivity and of boiling 
point lower than room temperature, of which there are 
several in the region of (7— 1) = 400 to 1400 x 10°, 
correspondingly more orders. 

For cell B, it is for this purpose most convenient to 
have a constant value n,, the filling being thus either a 
gas ai constant pressure (atmospheric pressure), or a 
liquid. The presence of a liquid in cell B of course in- 
troduces a great change in the order of interference : 
for water we have 

pe ona 6 Oa E20 mah 

Weer 200 2° Nea 6000s 5 IV. ==.150,000 
or, for the many liquids of negligible absorption with 
n about 1.50, about 50 % higher orders of interference. 
If absorption is not negligible for the wavelength con- 
sidered, a correction is experimentally obtained by 
imaging without phase contrast in the same set-up re- 
adjusted. 

These estimates suggest the following procedures 
for the Ad categories of interest : 


(A) down to 5 A. With a cell of ¢ = 100 or 250 mm 
length and air in both cell parts we have already up to 
some hundreds of orders. This arrangement is ade- 
quate for the measurement of the fall-off function 
(which will be similar to that shown in figure 4). 

(B) 0.16 A. Here we must increase the number of 
orders, and gas only is not sufficient. The procedure 
indicated in figure 7 is convenient in such cases. The 
first periods are studied (their ratio f, Eq. (6), is mea- 
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sured) by means of pressure variation of the gas in A. 
Only one period need be examined, but for t = 10 mm 
we have five or more, which will be identical as far as 
the measurements can reveal. B is then filled with 
water, and by means of the same pressure variation 
as before a new series of periods is measured. If want- 
ed, a second liquid of higher refractive index may be 
used, and a new series swept through. The value of JN, 
which enters into the product N Aa of Eq. (6), need 
not be very accurately known, and the ordinary tabu- 
lar value or a simple refractometer measurement is 
more than sufficient. 


(C) 0.005 A. Measurements similar to those used in 
the previous category are made, but it is advisable to 
work with a longer cell. With t = 250 mm the required 
orders of about 200 000 may also be obtained. 

The possibility of using mediae of different types, 
such as a liquid (in B) and a gas (in A) makes it neces- 
sary also to examine what influence dispersion may 
have within the domain Ad. As is obvious from ele- 
mentary calculations, the spread of the vectors on 
account of the dispersion A@,, and the spread on ac- 
count of the optical path difference Ao, , introduced 
by the wavelengths themselves are (a denoting the 
average wavelength and An, and An, the refractivity 
differences within Ad) : 


Re) A A N eae 
: == (iN), Ava), = IN = 
(7) Pal Tw ( A 2)! Ta a Ns 
| Ag /2n = — Ndar 
and their ratio 
dn, dn, 
; eo 
(3) Ge ; 
(n, aes Ny)[d 
which is the correction at s 4d in our formulae. The 
dispersion values for A = air and B = water give 


|q| = 9.06, but liquids with considerable dn/0% should 
be avoided or the results be corrected for. 

With the moderate accuracy required in the inten- 
sity measurements several procedures are possible, the 
simplest being to use a polarizing photometer such as 
that constructed as one of the receivers of this refrac- 
tometer [5]. Less is demanded of the measuring de- 
vice as it is always easy to repeat individual measure- 
ments and thus obtain statistically improved results. 
This applies to both procedures : as in figure 4 it is only 
the average fall-off curve of many measurable maxima 
and minima that enter, and in figure 7 the constant 
values of the different groups can be remeasured as 
often as desired. Results may be obtained more ra- 
pidly by using a photoelectric registering device. Such 
devices are under development by Mr E. Dsurve of 
this laboratory, and the writer is indebted to him for 
testing these procedures. The following data can be 
given, all referring to the 5461 mercury line. With a 
so-called spectral high-pressure lamp (Philips 93 136 E) 
the natural line width, including a slight asymetry 
due to pressure broadening, is known to be about 1 A, 
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Fic. 7. — Procedure for measuring fall-off curves 
for very many periods by changing the medium in cell 
part B. It is assumed that water has replaced air after 
the first interruption of variations, and that a liquid 
of higher refractive index has replaced water after the 
second interval. 


but a continuous background is present, so the equi- 
valent line width Ad includes the broadening due to 
the monochromator. Two different widths of the slits 
of the grating monochromator were used, the first 
taking out a band of total spectral width of about 
100 A and the second taking out about 10 A. From 
fall-off curves with about 40 periods (air) and about 
80 periods (N,O), registered by slowly letting in the 
gas into cell A, which was previously evacuated, va- 
lues for s Ax of 40 A and 9 A respectively were found 
by the use of the generalized Eq. (6). These are re- 
liable, as in the spectral region in question the shape 
is a mixed form of case ¢ or d (the spectral line) and 
b (the fairly flat background). With water in part B 
of the same cell ({ = 2 mm, NV = 1 200) the intensity 
ratio decreased by 95%, which was in agreement with 
the previous measurements, but outside the range of 
the approximations made in deducing the formulae. 
This value should, accordingly, not be used in the cal- 
culation of sAa (cf. 25% as a reliable limit), but it 
is interesting to note that phase contrast interferome- 
try still works, although with this strongly reduced 
contrast on account of the lack of monochromacy of 
this commercial lamp, for more than 1 000 periods. 


5. REMARKS ON THE METHOD FOR EXTREMELY NAR- 
ROW SPECTRAL LINES, IN PARTICULAR FOR THE 198- 
MERCURY LAMP. — In this type of interferometry, as 
in others, the use of the extremely narrow spectral 
lines of Kr, Cd and Hg in even isotopes and with pro- 
per excitation techniques offer obvious advantages. 
According to recent active work in this field [7,8] in 
connection with the standard of length, the Hg 5461 
and Hg 4358 lines in particular should give, even 
when not cooled below room temperature, half widths 
counted in wave numbers of 0.016 cm-}, or about 
0.005 A. When an electrodeless 198-mercury lamp 
[9,8] is excited with magnetron frequencies [10,11], 
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it is now well-known that lines of considerable inten- 
sities may be obtained. This has two special advan- 
tages for phase refractometry : 1) Practical freedom 
from background light make monochromator pro- 
blems easy. 2) The very large number J of interfe- 
rence, up to around 50 000, in which the periodic in- 
tensity curves of the phase contrast refractometer 
are identical within the photometric limits of 0.5%, 
extend the measuring region of this instrument by 
about three decades more than was attainable when 
using medium-pressure and hot lamps, which are tole- 
rable only for a few tens of periods [2]. 


The method described here could sometimes be an 
acceptable alternative to the Fasry-Prror interfe- 
rometer and similar high-resolving instruments when 
studying for example the effects of pressure-broaden- 
ing, Stark effect broadening, etc. for these light 
sources. Its advantage is its simplicity in setting up 
and adjustment. Recalling figure 1 a, the light to be 
examined should, in the shape of the exit slit of a mo- 
nochromator or filter set behind the lamp, be the 
light source of a phase contrast interferometer. There 
are no parallelity adjustments to be made in this de- 
vice itself, it being only necessary to align the phase 
plate with respect to the geometrical image of the slit, 
an adjustment which remains untouched throughout 
the measurement. Only light intensity in a fixed part 
of an optical field is measured, so neither fringe dis- 
placements nor structured spectral lines are to be con- 
sidered. On the other hand, information is not obtai- 
ned about the structure of the spectral line, but only 
about its equivalent width s Aa. 


A very simple version of the method is to use a thin 
thread (a stop), instead of the phase plate. This is the 
method of ‘ dark ground illumination ”, which may 
be regarded as a special case of phase contrast (g = 0, 


5) 


6. APPENDIX. SUPERPOSITION OF INCOHERENT SPEC- 
TRAL LIGHT WITHIN A WAVELENGTH REGION OF HALF- 
WipTH AA. — We assume that the partition of energy 
with ¢ follows the function f(¢), the curves of figure 5 b, 
c, and d serving as examples. By coordinate transfor- 
mation according to Eq. (2) the distribution with in 
the Nth order is recognized as caused by the different 
wavelengths. The square root of f() represents the 
different amplitudes of the incoherent waves. Figure 8 
is such an arbitrary amplitude distribution, and Pg, 
and gg, the limits outside which no appreciable con- 
tributions of energy fall. The amplitudes are 


(9) A = [f()]*” (p? + 1 + 2 o cosg)¥# 


and, if the vectorial representation is preferred, the 
amplitudes, in general unequal, lie in the circles indi- 
cated. The intensity, at the maximum side, is, analo- 
gously to Eq. (38) 

Pye 


dias Ae i(¢) (e? + 1 + 2 cos) de 
Y Pgr 


(10) 
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Fic. 8. — Notations, see the text. 
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the intensity at the minimum side is the same expres- 
sion, only with the sign of the cosine term changed, 
and the limit value for V = o is 


(11) Tim = p2 | 


/ Per 


From these expression, we obtain the factor f as 


‘ | 
2 


Aen 


Y Bo 
f(e) cos 9 de 
Pg 
9 a 

f(@) de 


(12) 
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Pe 

Attention may be drawn in passing to the fact that 
the expression in Eq. (10) is the polar rotational iner- 
tia about O'’, of the function f(@) when represented as 
mass distribution at the periphery of a single unit 
circle like that of figure 6, which is the special case 
where f(g) is constant. In the limit for V = #, the 
‘‘ padius of gyration ” is, from Eq. (11), ¢, in regard 
of the function according to which the ‘‘ masses ”’ are 
distributed in passing to the limit. 

If the distribution is symmetrical, as assumed in 
cases 6 and c of Sect. 3, it is of course natural to make 
the integrations symmetrical about the central value 
of g, as was also shown in figures 3 and 6. 

Case 3 b). The width of 4a corresponds to the angu- 
lar value, and we introduce for the limits the values 
of — 9,/2 and + 9,/2, where 9; = kN Ad. The ampli- 
tude is here set equal to unity, f(g) = 1, and neglecting 
higher powers of ¢ than the second, we obtain 
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or, inserting the half width value Aa, the formula 
given in the text 


6 eas 
(6) f = a 


Cases 3 c), — We may assume, as simple to caleu- 
late, the cos? distribution. According to figure 5 c, the 
limits are, with the same substitution in half width as 
was made above, 


(14) 


{io} = “T cos? ity 
; 2 G1 
and the numerator is 


—— ? 
(15)' d=81 ic * cos? ae cos @ dg. 
0 1 


e 


The expression of f is, exactly calculated, 


uo) pao (44 Z i 
pe 


™2 — et 1 


or, including only second-degree terms of 9, and trans- 
ferred to wavelengths, 
N*) 


wie (1-40 (F ee 
e 6 ae fe 
Taking the uniform distribution according to 
Kq. (6) a standard, the difference in structure may be 
taken into account by writing the half width multi- 
plied with a structure factor, thus s Ad. For the shape 
now considered, (17) gives the factor s of 


(18) 


Treated in the same way, the distribution of two 
distinct lines at the same distance as 4), dealt with 
in Eq. (5), gives rise to the larger structure factor of 


(19) s = 3v8 = 1,78. 


A double line consisting of two sin? maxima, having 
thus zero distribution in the centre but the same half 
width retained, 


———— 


(20) f(p) = J sin 


3ro 201 20 
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representing a severe case of self-reversal, has the 
factor 


(21) $ = 2 (4 — 24/n?)¥?/3 = 0.84. 


It ought further to be stated what is the error in the 
determined second-degree term committed in omitting 
higher powers. In any of the shapes of the function 
f(p) dealt with here, the residual term is, in maxti- 
mum, 94/80 of the second degree term. This means 
that, on measuring at fall-off curves down to 25% of 
the values for small VV, we introduce a relative maxi- 
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mum error ins Ad of the order of 0.05, which, regar- 
ding other influences, is not significant. 


Finally it should be assumed that a certain fraction 
of the light within Ai is coherent instead of the whole 
amount being incoherent, which modification should 
be due to stray light from the central portion of the 
line within the monochromator, thus before G figure 1. 
This modifies the calculations considerably, in intro- 
ducing series related to elliptical integrals already for 
the line shape of the trigonometric type in the cases 
3c. Numerical estimates have been made proving that 
the fall-off is less in this case. Regarding that this cohe- 
rent fraction of light is only minute, and what has 
been stated for the accuracy of the method, this modi- 
fication does not at all influence on the results. 


[Oer. ACTA 


JREFERENCES 


[1] M. Franoon, Le contraste de phase en optique et en micros- 
copie, Editions de la Revue d’Optique, Paris, 1950. 
] E. Inceustam, Arkiv Fysik, 6, 1952, p. 287. . 
| H. H. Hopxins, Proc. Phys. Soc. Sect. B, 66, 1953, p. Sols 
| E. Dsurue, Appl. Sci. Res. Sect. B, 4, 1954, p. 91. 
| E. Incetstam and L, JoHansson, Appl. Sci. Res. Sect. B, 
4, 1954, p. 100. 
}] F. ZERNIKE, Physica, 9, 1942, p. 686 and 974. ‘ ; 
| E. ENcetuarp, Recent Developments and Techniques in 
the Maintenance of Standards, National Physical La- 
boratory, Teddington, 1952, page 13. 
] H. Barrett, the same publication, page 23. 
] W. F. Meaaers, J. opt. Soc. Amer., 88, 1948, p. 7. ; 
W. F. Meccers and F. O. WESTFALL, J. Res. Nail. 
Bur. Stand., Washington, 44, 1950, p. 447. 
[10] E. JAcoBsEN and G. R. Harrison, J. opt. Soc. Amer., 39, 
1949, p. 1054. 
[11] M. Zevixorr, P. H. Wycxorr, L. M. ASCHENBRAND, 
R. S. Loomis, J. opt. Soc. Amer., 42, 1952, p. 818. 


Manuscrit recn le 30 mars 1954. 


Measurement of Contrast Transmission Characteristics in Optical Image Formation 


By Per LINDBERG 
Optics Laboratory, Royal Institute of Technology, Stockholm 70, Sweden 


Summary. — A method of testing the performance of lenses is worked out, based upon the fact that the light distribution in the 
image of any one-dimensional test patlern can be determined from the light distribution in the image of a line source, by 
an integration process. An optical integrator is constructed in which the object light distribution curves for certain appropriately 
choosen test patterns have been drawn on interchangeable slides and the corresponding image light distribution curves are 
measured with a photocell coupled to a paper recorder. Suggestions are made for a new terminology concerning the specification 
of lens performance. By means of another optical integrator, which is also described, the contrast transmission characteristics 
of the lens may be recorded directly. The interpretation of the characteristics so oblained is given, and il is shown hcew they may 
be used to calculate the image of an arbitrary test object, by a method involving Fourier transforms. 


SomMAtRE. — Description d’ane méthode de détermination de la qualilé des objectifs basée sur le fait que la distribution de la lumiére 
dans Vimage d’une mire quelconque a une dimension, peut étre déterminée a partir de la distribution de la lumiére dans l’ image 
@une source linéaire, par intégration. 

Un intégrateur optique a élé construit, dans lequel les courbes de distribution de la lumiére dans certains tests objets conve- 
nablement choisis sont dessinées sur des plaques coulissantes interchangeables, les courbes de distribution de la lumiére dans 
Vimage correspondante sont mesurées par une cellule reliée a un enregistreur. 

L’auteur propose quelques suggestions pour une nouvelle terminologie concernant la spécification des qualités d’un objectif. 

Au moyen d@’un intégrateur optique, également décrit, les facteurs de transmission de contraste d’un objectif peuvent étre enregis- 
trées directement. 

L’interprétation des caractéristiques ainsi obtenues est donnée et il est montré qu’elles peuvent étre utilisées pour le calcul d’un 
test objet quelconque, par une méthode basée sur les transformations de Fourier. 


ZUSAMMENFASSUNG. — Eine Priifmethode fiir die Gitte einer Linse wird ausgearbeitet, die darauf beruht, dass man die Lichtvertei- 
lung im Bilde eines eindimensionalen Pritfmusters durch eine Integration aus der Lichtverteilung im Bilde einer linearen Licht- 
quelle bestimmen kann. Dazu wurde ein optischer Integrator gebaut, bei dem die Lichtverteilungskurve der geeignet gewiéihlten 
Priifmuster auf auswechselbaren Platten gezeichnet ist. Mittels einer Photozelle wird die Lichtverteilung am Objekt und im Bilde 
gemessen und auf Papierstreifen aufgeschrieben. Es werden Vorschldge fiir eine neue Bezeichnungsweise bei der Beurteilung 
der Linsengtite gemacht. Mittels eines anderen Integrators wird die charakteristische Kontrastiibertragung der Linse unmit- 
lelbar aufgezeichnet. Die damit erhaltenen charakteristischen Kurven werden interpretiert, und es wird gezeigt, wie sie benutzt 
werden kénnen, um nach einem Verfahren mit Fouriertransformationen das Bild eines beliebiges Priifobjektes zu berechnen. 


1. Introduction. — As has often been pointed out 
recently, the well-known definitions of resolving 
power are not complete, and, especially when measu- 
rements are made experimentally by photographic 
and visual methods, so many physical and subjective 
factors enter that the results may be misleading unless 
the procedure is rigidly standardized. A new situation 
has arisen with the introduction of photoelectric and 
electronic methods, which make it possible for us to 
gain new information about the quality of optical 
images by means of measurements of the distribution 
of hght in the image ofa suitable object. In the work 
on these problems in our laboratory during the last 


few years, we have started from the fact. that all the 
information needed about the image performance 
may be obtained from precise measurements of the 
light distribution in the image of a point or line source, 
the measurements being made at various focal set- 
tings. The image light distribution curves using suffi- 
ciently accurate and convenient recording devices 
are the basis for the specification of the lens perfor- 
mance, since the light distribution in the image of any 
object, as for example a test target of suitable geome- 
try, can be calculated from it. 

This line of thought was initiated primarily by 
Durrieux [1] and owes much to the important pro- 
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gress made by SeLwyn [2] in introducing his sine- 
wave tests, in connection with which he laid a conve- 
nient foundation for interpreting image-forming pro- 
cesses by means of the contrast transmission curves. 
The technique of this laboratory, which at the stage 
of development reached in autumn 1951 was described 
and discussed at the Symposium on Optical Image 
Evaluation in Washington [3], has made it possible 
to attack the problem with better tools than before. 
Independently of the European work, and_ starting 
from the problems of television, ScHape [4,5] has 
constructed elaborate devices for recording and analy- 
zing similar properties of the image, and has also con- 
tributed greatly to the advancement of these ideas. 
There is no doubt that in the next few years progress 
will be made along these lines. Making a comparison 
with the specifications commonly used hitherto, how 
many lines per mm are resolved (using the criterions 
of RAYLEIGH, SPARROW, etc. or as judged from spe- 
cified physical, photographic and visual tests), we 
have instead to ask : What is the contrast transmis- 
sion of the system (lens, photographic printing) for a 
given line spacing ? The specification has gone over 
from one-parametric to two-parametric, thus giving 
it added physical significance. From the practical 
pomt of view, the question is whether sufficiently 
simple and rapid measuring devices can be construc- 
ted for this purpose and the aim of the present paper 
is to describe two pieces of such equipment, and to give 
details and suggestions for the optical interpretation 
of the results. 


2. Preliminary measurements of the line image 
light distribution. — As a supplement to the photo- 
graphic lens tests previously performed in our labora- 
tory [6, 7, also in 3], we measured the light distri- 
bution in the image produced by the same lenses at 
corresponding focus adjustments. The microphoto- 
meter used, which has been described earlier [3], 
had a scanning slit width of 1 micron and a choice of 
uniform scanning speeds of 0.2, 1,5 or 25 microns per 
second. The photocurrent from the multiplier tube 
behind the slit was amplified and registered by a re- 
corder synchronized with the slit movement. 

More success can be obtained with line-shaped test 
objects than with any two-dimensional geometry. One 
reason for this is that the energy transmitted through a 
scanning aperture of slit shape is an order of magni- 
tude greater than that transmitted by a pinhole. The 
other reason for using one-dimensional geometry is 
that the dimension left free can be used for the study 
of the variation of other factors, as will be described 
in the next section. A further advantage is that the 
mathematical interpretation of the results obtained 
from the measurements is simpler. 

Figure 1 shows two groups of records for various 
focal settings of a Biotar 1:2 lens, F = 40 mm, with 
monochromatic light of 5500 A. The lefthand group 
is the light distribution in the image of a slit, and the 
righthand group is the distribution in the image of an 
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Fie. 1. 
of an illuminated narrow slit and an edge at various 
focal settings (given in millimeters at the left of the 
figure). 


Curves of light distribution in the image 


edge at corresponding focal settings. In comparison 
with the photographic tests, the curves showed that 
the focus adjustment giving best photographic resolu- 
tion for very narrow lines corresponded to the line 
image distribution curve with the highest peak, 
though there was a considerable flare of light around 
it. They also showed that the curve with the smallest 
extension corresponded to the adjustment for best 
resolution of larger line groups. These measurements 
served as the starting-point for further investigations. 


3. Optical image integration. — The distribution 
of intensity in the optical image of a one-dimensional 
object may clearly be calculated by an integration 
process from the function f giving the intensity dis- 
tribution in the image ofa line source of infinitely small 
width. If gis the intensity distribution function of the 
perfect image of the object, i. e.that of the object plane 
reduced by the magnification factor, the distribution 
obtained is 


(1) a) =|" 


where «x is the coordinate in the image plane along a 
fixed axis perpendicular to lines of constant light in- 
tensity, and uw is the coordinate along a moving axis 
coincident with the x-axis. 

There are several numerical and graphical methods 
available for making this integration ; in figure 2, for 


g(a — u) f(u) du, 


Fic. 2. — Integration of the line image distribution 
function for a square-wave test pattern. 
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example, it is shown how the integral can be obtained 
for a simple full contrast object pattern consisting of 
light and dark bands of equal width. The sum of all 
the shaded areas in the diagram varies in accordance 
with the function A(x), when the pattern is displaced 
along the abscissa of the line image distribution curve. 
As well as by graphical integrations, this sum can be 
measured optically, as the light flux transmitted 
through two transparencies put in contact. On one of 
them the curve f is printed and the area above it is 
made opaque. The other is a copy of the full con- 
trast object in the desired scale. When the uniformly- 
illuminated slides are mutually displaced, the lght 
flux transmitted through them varies in accordance 
with the function A(x). Only full contract objects can 
be integrated in this way, unless object slides are made 
with a transparency varying in accordance with the 
luminance of the object. 

In order to avoid making slides with varying trans- 
parency, which is difficult and also limited in preci- 
sion, the following arrangement has been utilized in 
practice. Instead of using a slide with the curve f 
printed on it, the image of a narrow luminous slit as 
given by the system under test is allowed to fall onto 
a slide on which the curve has been so printed that 
the area between the curve and the z-axis is transpa- 
rent while the rest of the slide is opaque. One of the 
advantages of working with a lineshaped geometry is 
here made use of, the second dimension perpendicular 
to the z-axis being used as a length for varying the 
intensity. Thus g is here allowed to vary continuously. 
The fraction of the light flux from the line image 
transmitted by the slide varies in accordance with 
the function h(w) when the slide is displaced across the 
line image in the direction of the z-axis. This is due to 
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the symmetry of the integral in (1) with respect to the 
two functions f and g. It is easily seen, by putting 
pm == 1, ilar 


1 Gea ee | f(x — &) g(&) dé. 


Figure 3 shows the light flux from the line image 
transmitted through an object slide corresponding 
to an object in which the luminance varies as a sine 
curve with a constant luminance superposed. 

To make possible a rigorous examination of the 
image formation in the optical system, under test the 
object slides must contain curves corresponding to 
test figures of sizes varying over a large range. Speak- 
ing in terms of a quantity which will be defined later, 
the range of line frequencies (number of lines per unit 
length) in the test pattern must be large enough to 
cover both «fully resolved » test figures in the low 
line frequency end of the object slide, and test figures 
of line frequency higher than that corresponding to 
the resolution limit of the lens system under test. 
Such fine-structured slides are difficult to make, and 
to avoid them the line image must be magnified. Such 
magnification distorts the image and causes an addi- 
tion of stray light. In most cases, however, the lens 
system under test ordinarily produces an image much 
reduced in size, so that it is of advantage to reverse 
the imaging procedure for the test. This is done by 
placing the illuminated slit in the ordinary inage 
plane of the system to be tested, and integrating its 
image in the ordinary object plane, which is located 
at such a distance from the system that a suitable 
magnification of the line image is obtained. In this 
way the line image has the same light distribution, 
but is enlarged in scale. When a long-focus lens is to be 


Fic. 3. — Integration of the line image for a test pattern in which the luminance varies continuously. 
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examined, a collimator must be put in front of it to 
make it possible to place the illuminated slit in the 
desired focal plane. The demand for high quality in 
the fine-structure now applies to the illuminated slit 
instead of to the object slide. 

The process for optical integration is thus rearran- 
ged so that an object slide, in which the luminance 
variation is translated into a variation of height, is 
placed in the ordinary object plane of the system 
being tested, and a slit is placed in the ordinary image 
plane. Instead of illuminating the object slide and 
measuring the image light distribution with a scan- 


SLIT LENS UNDER TES VA 


MATT-PLATE PHOTOCELL 
DC AMPLIFIER 


RECORDER 


— Schematic diagram of apparatus for testing lenses with the optical integrator. 


ning slit, as it often done, we have here reversed the 
procedure, exchanging the light source behind the 
object slide for a photocell, and the photocell behind 
the slit for a light source. This is an application of the 
fundamental law of all wave propagation which states 
that, under certain conditions, the same transfer 
characteristic is obtained if the transmitter and the 
receiver are interchanged. 


4, Optical integrator with linear slide. — Figure 4 
shows schematically how the optical integration is 
performed with a linearily moving object slide. A suf- 


Fic. 5. — The optical integrator unit. For notations see the text, 
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ficiently uniform slit with a width of one micron was 
manufactured by evaporating aluminium on a glass 
plate shadowed by a quartz fibre. The slit is illumina- 
ted by a low-voltage tungsten lamp, or alternatively 
by a monochromator, through a microscope condenser. 
The slit image is focused by the lens under test upon 
the object slide driven by a screw and a synchronous 
motor. The fraction of light flux transmitted is inte- 
grated with a fine-grain matt-plate and registered by 
the photomultiplier tube. A condensing lens is inser- 
ted to obtain constant photosensitivity over the matt- 
plate. The photocurrent is amplified and recorded 
with a Speedomax recorder synchronized with the 
movement of the slide screw. A viewing microscope 
with a 45° mirror can be inserted between the slide 
and the matt-plate to examine the focusing of the 
line image on the slide. The adjustment of the position 
and focusing of the line image is performed by means 
of micrometer screws in the slit holder. The lens under 
test can be tilted through angles corresponding to 
various zones in the image field. 


The photograph in figure 5 shows the integrator 
unit with the photomultiplier tube incorporated. The 
interchangeable object slide A is mounted on a car- 
riage B driven by a synchronous motor C and a rota- 
ting screw D. A holder for the viewing microscope E is 
fixed in the cover of the box. The matt-plate F is 
mounted in front of the photocell housing G. Stray 
light from the room is screened off by a tube H, which 
can be inserted in the front hole of the box. 


The object slides containing the luminance distri- 
bution curve of the test object are made photogra- 
phically on high-contrast fine-grain plates. A white 
sheet of paper on which the object light distribution 
curves have been drawn with indian ink is photogra- 
phed with reduced scale. By choosing the proper time 
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of exposure it was possible to minimize the photogra- 
phic broadening effect in the small details. ; 


The object slide A in figure 5 corresponds to a test 
pattern with long lines across which the luminance 
varies as a square-wave of increasing line frequency in 
9 groups from 0.13 to 2.1 lines per millimeter with 4 
lines in each. One slide, a section of which is shown 
in figure 4, contains sine curves with constant ampli- 
tude and 16 line frequencies varying in geometrical 
progression from 0.125 to 4 lines per millimeter. These 
slides correspond to test patterns suggested by SEL- 
wyYn, in which the variations of luminance follow sine- 
curves. Slides containing the light distribution curves 
of an object edge and double slits have also been made. 


The diagram in figure 6 shows curves of the light 
distribution in the image of a square-wave test pat- 
tern. The curves are recorded by means of the opti- 
cal integrator described, the lens under test being the 
Orthometar 1:4.5, f = 25 cm. The curve to the left 
corresponds to the focusing for best contrast at low 
line frequency, and the curve to the right for best 
contrast at high line frequency. Figure 7 shows a 
record for the same Orthometar lens, with the sinu- 
soidal test pattern. These diagrams will be discussed 
further in the following sections. 


The imaging properties of the lens are dependent 
on the wavelength of the light. It is clear that the 
image light distribution curve for light of a certain 
spectral composition can be calculated by superposi- 
tion of corresponding distribution curves for a num- 
ber of wavelengths, these curves being measured in 
the way described here. In peripheral parts of the 
image field this superposition involves displacements 
of the distribution curves according to the amount of 
transverse chromatic aberration. It is too trouble- 
some to make such calculations, and measurements 
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1c. 6. — Record of the light distribution in the image of a square-wave test pattern with increasing ilne 


frequency. The curve to the left corresponds to focusing for highest contrast at low line frequency 
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and that to the right at high line frequency. 
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Fic. 7. — Record of the light distribution in the image of a sine-curve test pattern with increasing line frequency. 


are therefore made with light of the desired spectral 
composition. Then, however, the photocell must have 
a spectral sensitivity similar to that of the image 
receptor, whether this is a certain photographic film 
or the human eye. To fulfil this requirement, properly 
chosen colour filters are inserted in front of the photo- 
cell or light source. 


5. Contrast transmission as a measure of perfor- 
mance. — As was indicated in the introduction, the 
specification for each focal setting should contain 
two parameters. If given in the shape of a curve, its 
abscissa should conveniently give the number of in- 
tensity fluctuations contained per length unit, and its 
ordinate a measure of how the intensity fluctuations 
have been reproduced in the image. Before beginning 
the mathematical treatment, some questions of termi- 
nology should be discussed. 

The abscissa. The distance between two adjacent 
« lines » in a periodic line test pattern can be specified 
in terms of a spatial line frequency. Present termino- 
logy varies widely. The most often used term « line 
number » is not adequate, as a reference length is 
implied without defining it, and « lines per mm » is not 
a quantity symbol, but a particular unit. The concepts 
of «line separation » and « line spacing» also used 
have the disadvantage that they indicate the reci- 
procal of the quantity we want to express. DUFFIEUX 
uses the term « frequency » only. ScHADE calls it an 
« optical frequency », or alternatively a «line num- 
ber » (thereby stating the number of half waves per 
reference length, that is the number of television 
lines). The only objection against « frequency » is that 
it is ordinarily the reciprocal of time instead of that 
of length, as here, and in order to avoid the possibility 
of misunderstanding we consider the term < line fre- 
quency » to be the most adequate proposed so far. 
(Fr. fréquence spatiale, Germ. Linienfrequenz. Swed. 
linjefrekvens). 

' The ordinate. The present treatment is based entir- 
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ely on the fact that when the luminance variation 
of the object follows a sine curve, it is imaged by the 
optical system in such a way that the sinusoidal curve 
shape is preserved in the image, but the amount of 
variation is reduced when the line frequency is increa- 
sed. The concept of contrast used here should directly 
express this characteristic, and for this reason many 
of the various definitions of contrast used in the litera- 
ture, based upon maximum, luminance (/max) and 
minimum, luminance (/min), or their logarithms, are 
out of place here [8]. When the pattern is such that 
the arithmetic mean of the maximum and minimum 
luminance equals the integrated mean of the lumi- 
nance over the whole field, it is convenient to define 
the contrast as 


Imax — Imin 
Imax —+- Imain 4 


The ratio of the contrast defined in this way for the 
image and the object is used as the ordinate value 
in this specification of the lens performance. The 
mathematically obvious term « contrast reduction » 
is not a fortunate one for describing performance, as 
in language performance and_ reduction expresse 
opposite tendencies, so that a large reduction of con- 
trast means a poor performance. SELWYN consistently 
avoided all terms and called it simply P or log P 
curves. ScHADE used the terms « sine-wave flux res- 
ponse factor », «aperture response » or « sine-wave 
spectrum », which may be suggestive in the connec- 
tions used, but are unfamiliar and not suitable as 
optical terminology. When introducing the concep- 
tions of Fourier spectra for the image and object, 
Durricux called the corresponding quantities for 
incoherent light the «image forming spectrum » or 
« frequency transmission ». The word « transmission » 
seems to express the essential feature of the image 
forming process, and is also a well-known term: the 
imaging process transmits intensity distribution in 
the object, as given by its contrast, to the image plane, 
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more or less truly. In combination with « contrast » 
we consider the term « contrast transmission » to be 
useful and recommendable. (Fr. transmission de con- 
traste, Germ. Kontrast-Ubertragung Swed. kontrast- 
transmission). 

Let the light distribution in the perfect image be 
(2) g(x) = ay + acos 2nNa = a, + a Re(e? ANE) 
where a/d» defines the object contrast (fig.8) and JV is the 
line frequency in the image plane. If f(x) is as before the 
normalized line image distribution function we have 
the light distribution in the actual image, from (1) : 


Ha)=to | f(u) du-+-a Re| ee ey) j(u)du|— 


a) 
=d+ta Re lem inNa [ f(u) ee imNu au] 
—o 
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9(x) 
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Fic. 8. — The light distribution curve in the ob- 
ject and the image plane when the luminance of the 
object varies in according with a sine-curve. Thenota- 
tion is that used in the text. 


The last integral is the complex Fourier transform 
Oityy: 


f(a) e2'™ Nu du = F(N) = | F(N) | e (4), 


Hence 
ha) = a,-- a Re [FWV)e2 "| =a, + 
+ a|F(N)| cos [27Va2 — o(N)]. 
Thus | F(/V) |, defined by (3), is the contrast transmis- 
sion factor. Including the phase’ shift ¢(V) in the 
function, we call /(V) the complex contrast transmis- 


sion. Borrowing a term from electrical filter theory, we 
can define a complex contrast damping as 


(4) D(N) =—In F(N) = — In | FN) | + ig(W). 


The similarity of the optical concepts of image forma- 
tion to electrical ones used in communication theory 


[ Orr. ACTA 


has been pointed out by Extras [9]. In electrical units 
the contrast damping given by (4) is in nepers and the 
phase shift in radians. 

As an example we calculate the contrast transmis- 
sion of a lens giving a perfect circle of confusion with 
diameter d = 2r. The normalized line image distribu- 
tion function is 

Vr? SS 


(OS 


Dy vig T 
so the complex contrast transmission is, by (3), 


J : 2inN PAA 
5) EN) [ V2 — ut em 2 Nu dy = se 
Se ew 


— 


where z = xNd and J,(z) is the first order BrsseL 
function. In figure 9 the full curve represents the abso- 
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Fie. 9. — Full curve : Contrast transmission cha- 
racteristic for a perfect circle of confusion. 

Dotted curve : Transmitted contrast for a perfect 
circle of confusion, when the object has a square-wave 
luminance distribution. 


lute value of the contrast transmission plotted on a 
logarithmic scale as a function of the logarithm of the 
line frequency. The phase shift is indicated in the 
same diagram. At each damping peak the phase 
shift is changed by x. Thus spurious resolution occurs 
after the first damping peak. 


6. Image calculation by means of contrast transmis- 
sion characteristics. — The complex contrast trans- 
mission gives information about the image of an 
object with arbitrary structure, not only of sine- 
curve objects. 

In a periodic line pattern the light distribution can 
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be expended in a Fourier series, so the distribution 
in the perfect image becomes 


(6) g(x) = 


Inserting (6) into (1) we obtain the light distribution 
in the actual image, 
co 
y 7 > 2itnNa 
Na, F(nN) e *? xe, 
a, L 


—~n 


(7) Ga) == 


Thus each line frequency in the periodic line pattern 
is transmitted to an extent given by the contrast 
transmission characteristic of the lens at a certain fo- 
cus adjustment. We consider for example a full-con- 
trast square-wave pattern, containing line frequencies 
of all odd multiples of the fundamental frequency. 
If the pattern is imaged by a lens producing a perfect 
circle of confusion of an object point source, the resul- 
ting contrast in the image is given by the summation 
of a series of terms given by (5), leading to 


A ea z ) QF tp) YA 
(8) Feq(N)=— a : 2J4(32) Ne 1 27,(52) 


Z 3 32 SI. bye 


where again z = xd. The dotted curve in figure 9 
represents the logarithm of the function (8) plotted 
against the logarithm of the line frequency. The con- 
trast is unity as long as V < 2/d. The photograph in 
figure 10 illustrates how the contrast is damped out at 
certain frequencies, and between the zones in which 
damping peaks are located there is spurious resolu- 
tion. 

The intensity distribution in the image of a non- 
periodic structure can be determined by means of 
the Fourier transform of the object light distribution. 
It can be shown [1] that this transform multiplied 
by the contrast transmission function defined by 
Eq. (3) is the Fourier transform of the actual image 
light distribution. With notations similar to those 
used for the Fourrer transform of the function f, we 
therefore write 


(9) H(N) = G(N) F(N) 


The light distribution h(x) can be obtained from its 
Fourrer transform by 


io 2) 


(10) h(x) = HUN eshte" LN. 


—oO 
It should be pointed out here that the Fourrer trans- 
forms introduced are complex quantities and thus 
rather complicated to use for numerical calculations, 
but they lead to very useful theoretical conclusions, 
which are a great help when designing measuring 
devices. 
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Fic, 10. — Photograph of sector star in Fig. 11 
showing zones of spurious resolution separated by 
circles of complete contrast damping. The photo- 
graph was taken by purposely defocusing the projec- 
tor lens so that a perfect circle of confusion was for- 
med. 


In illustration of this it may be mentioned how a 
correction of the contrast transmission curves measu- 
red with the sine-curve object slide in the optical inte- 
grator has been applied here. For high line frequencies 
it may happen that the illuminated slit is too broad 
to give the true shape of the light fluctuations. Speak- 
ing in terms of Fourter transforms, the actual slit 
image transform is not equal to F(NV), which is the 
transform of the image of an infinitely narrow slit. 
In the plane where the optical integration is perfor- 
med, we have instead a slit image transform 


A sin rVb 
F(N) - Np 


where the additional factor is the Fourter transform, 
of the slit of width b. Dividing the uncorrected con- 
trast transmission characteristic by this factor we 
obtain the same result as that expected with an infini- 
tely narrow slit. 


7. Optical integrator with rotating slide. — A mea- 
suring device suggested by the Fourtrr transform 
approach has been developed with which the contrast 
transmission characteristic is measured more rapidly 
than is possible with the optical integrator with 
linear slide. 

When the sine curve on the object slide passes the 
line image, the photocurrent from the multiplier 
varies as a sinusoidal alternating current with a direct 
current superposed. Increasing the slide speed and 
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extending the sine curve over a large number of periods 
results in an alternating current which can be ampli- 
fied with an A. C. amplifier, rectified and recorded. 
If various line frequencies are to be examined, a very 
long slide with different line frequencies must pass the 
line image. The electric frequency of the photocurrent 
then varies in accordance with the line frequency of 
the slide. A disadvantage with this arrangement is 
that an A. C. amplifier is required with constant am- 
plification over a large frequency interval. 

To obtain constant electric frequency but varying 
line frequency a rotating test pattern similar to that 
described by Nurtine and Jewett [10], is used as 
object slide. This sector star, ordinarily used for pho- 
tographic tests, has 72 opaque sectors, as is shown in 
figure 11, and was manufactured by photographing a 


Fic. 11. — Sector star with 72 opaque sectors used 
in optical integrator with rotating slide. 


larger original on a ‘“‘ Maximum Resolution plate ”. 
Instead of an illuminated slit a pin-hole is placed in 
the ordinary image plane of the lens under test. The 
line frequency is varied by displacing the rotating slide 
so that its centre moves along a line passing through 
the point image. The current from the phototube 
which integrates the light flux passing between the 
sectors has the form of a square-wave when the point 
image lies near the circumference of the sector star. 
On moving the centre of the star towards the point 
image the square-wave is gradually smoothed, and 
finally the amplitude of the sine-wave approaches 
zero. When all frequencies except the fundamental 
frequency are blocked by an electric filter, the output 
current is the same as that which would be obtained 
with a sector star in which the transparency varies in 
accordance with a sine-curve. This conclusion follows 
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from (7) if we exclude all line frequencies in the summa- 
tion except the fundamental. When the alternating 
current is rectified and recorded and the centre of the 
sector star is moved with constant speed, we obtain a 
diagram giving the contrast transmission as a function 
of the reciprocal line frequency. Any desired direction 
can be given to the test lines by moving the star in 
the appropriate direction. 

The integrator is also suitable for infrared and _ultra- 
violet optics. For this reason sector stars are photo- 
graphed on plates made on a base material transparent 
to light of these wave -lengths. The details will be des- 
cribed in a later paper. 


8. Examples and discussion of curves. — As men- 
tioned before, the complete specification of the per- 
formance for a certain focus adjustment, in a certain 
point of the image field, must be two-parametric. 
This requires that a family of contrast transmission 
characteristics must be given for each field point, the 
focusing being a third parameter. In figure 12 is shown 
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Fic. 12. — Family of contrast transmission cha- 
racteristics for various focal settings of the Biotar 


lens 1 ; 2. 


a series of contrast transmission curves in which both 
ordinate and abscissa are plotted on logarithmic scales. 
The curves are obtained from records taken with the 
optical integrator, with linear sine-curve object slide, 
for the Biotar lens mentioned in section 2. The num- 
bers against the curves give the distance in millime- 
ters of the scanning plane from a fixed reference plane, 
with increasing values in the direction away from the 
lens. On the lens side of the ‘‘ focus” several damping 
peaks are seen at certain line frequencies. This corres- 
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ponds to a line image with steep edges and a flat cen- 
tral peak. The nearer to the ‘ focus ”, the more are 
the damping peaks displaced towards higher line fre- 
quencies. This is due to the decreasing size of the 
‘ confusion circle ”. In the neighbourhood of the 
‘‘ focus ” the contrast transmission is relatively high 
in the frequency interval examined. On the other 
side of the ‘t focus ”, damping peaks occur which are 
smaller than those on the lens side of the “ focus ”. 
This corresponds to a line image with a high central 
peak and flat slopes on both sides. The confusion circle 
has thus a peaked shape, rather than a cylinder or 
ring shape. 


The two characteristics with the focus positions 
0.15 and 0.20 mm cross over each other as is shown 
in the last diagram of figure 12. This circumstance, 
which is due to spherical aberration, has been the sub- 
ject of studies by many authors describing lens test- 
ing. Macponaup [11] has shown by experiments that, 
for each size of photographed test figure (‘‘ symbol”), 
there is a certain focal setting which gives maximum 
probability of detecting the symbol. The variation 
of this optimum focusing can be studied from the 
family of contrast transmission curves, but ‘‘ size of 
symbol ” must be converted in some way into ‘“ line 
frequency ”. Although the use of Fourter transforms 
in the image calculation gives the physical basis for 
this conversion process, an important subject for in- 
vestigation is the physiological relation between the 
detectability of periodic lines and single objects of 
various shapes near the resolution limit. 


As is shown by Setwyn and Scuape and later 
pointed out by Brock [12], the resolving power of 
the combination of lens and photographic material is 
obtained as the intersection point between the contrast 
transmission curve of the lens and the threshold con- 
trast curve of the film plotted in the same diagram. 
It is clearly seen that the intersection point is dis- 
placed towards lower line frequency, i. e. lower 
resolving power, if the contrast transmission curve of 
the lens is moved downwards corresponding to test 
lines of low contrast. Threshold contrast curves for 
films and other image receptors suitable for the 
evaluation of this actual resolving power of combina- 
tions are not yet available. 


The apparatus described here has been used to 
examine lenses of various types, including lenses for 
aerial reconnaissance, extremely high aperture sys- 
tems with Scumiprt and Bouwers correctors and 
lenses for miniature cameras. Figure 13 shows con- 
trast transmission characteristics for the best focus 
of a Schmidt mirror system of geometrical aperture 
1: 0.7, before and after centering of the aspherical 
corrector. This centering was performed more easily 
and accurately with this method than would have 
been possible with earlier methods. 
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Fic. 13. — Contrast transmission characteristics 


for high aperture mirror camera with Schmidt cor- 
rector before and after precision centering of the sys- 
tem. 
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The Second-Order Aberrations in the interferometric 
Measurement of Concentration Gradients 


II. Experimental Verification of Theory 


by Ragnar Forspere and Harry SVENSSON 
Laboratories of LKB-Produkter Fabriksaktiebolag, Stockholm, Sweden 


SuMMARY. — The WIENER skewness of an interferometrically recorded refractive index gradient curve has been measured for 
the first time as a function of the longitudinal position of the cell in relation to the location of the conjugate image plane of the 
photographic plate. A complete agreement was found between these measurements and a recently published thcoretical treatment 
of this skewness and other aberrations in interferometric recording of refractivily. 


SommarrE. — Le déplacement de W1ENER dans une courbe représentant les variations du gradient d@’indice (déterminée par interfé- 
rences) a été mesuré pour la premiére fois en fonction de la position longitudinale de la cuve par rapport au plan conjugué de la 
plaque photographique. Un accord complet a été trouvé entre ces mesures et une théorie récente de cette erreur et d’autres aberrations 


dans V’enregistrement interférométrique de la réfractivité. 


ZUSAMMENFASSUNG. — Die Wienersche Verschiebung eines interferometrisch aufgezeichneten Brechwertgefdlles wird zum ersten Mal 
als Funktion des Ldngsabstandes der Zelle gegeniitber der zur photographischen Platte konjugierten Bildebene gemessen. Dabet 
ergibt sich eine vollkommene Ubereinstimmung zwischen den Messwerten und den kirzlich verdffentlichen theoretischen Ergebnis- 
sen sowohl hinsichtlich dieser Verschiebung als auch anderer A bweichungen bei der interferometrischen Aufzeichnung der Brech- 


werte. 


Introduction. — In the theoretical part of this in- 
vestigation [1] it was shown that an interferogram in 
the optical image of a cell with stratified solutions 
does not show a quite true picture of the refractive 
index through the cell. This depends on the fact that 
the light describes a certain curve within the cell and 
that, consequently, the exact optical path length must 
be found by integration and not simply by multiplying 
the cell thickness by the local refractivity. When this 
integration was carried out, two correction terms were 
found in the mathematical expression for the phase 
difference between two coherent pencils. One of them 
was responsible for the blurring of yfringes when a 
vertically extended light source is used. This blurring 
disappears, however, when the conjugate image plane 
of the photographic plate goes through the middle of 
the cell, and the corresponding aberration term causes 
no systematic errors whatsoever if the optical magni- 
fication of the cell is determined from the said plane 
regardless of its being in focus or not. The other aber- 
ration term did not contain the entrance angle and 
was found to be responsible for that skewness of the 
experimental refractivity-gradient curve which was 
first predicted by Wiener [2], but which has not so 
far been demonstrated or measured experimentally. 
As a consequence of the theory, this skewness should 
be expected to disappear if the conjugate image plane 
of the plate is situated 1/3 of the cell thickness from 
the front cell wall, and, if the middle of the cell is 
instead in focus, the skewness turned out to be greater 
than the value given by Wiener in the proportion 
4:3. 

Objections may of course be raised against this theory. 
It has not been shown that the power series that forms 
its basis converges, nor that its rest term is negligible 


in comparison with the aberration terms derived. 
Some of the calculations are rather time-consuming 
and difficult to check. An experimental verification 
of the theory is therefore highly desirable, and this 
investigation was undertaken in order to strengthen 
the confidence in calculations of this kind and in par- 
ticular to test some critical points in the present 
theory. To produce experimental proofs of all the 
consequences of the theory would be an overwhelm- 
ing task. It would involve highly precise diffusion 
measurements under a number of experimental con- 
ditions : different kinds of interferometers, parallel, 
convergent, and divergent light through the cell, sym- 
metrical and off-axis positions of the light’ source, 
different sizes of the light source, and different longi- 
tudinal positions of the cell. We have preferred to 
test a few typical and significant consequences of the 
theory, viz. the Wrener skewness of the gradient 
curve and its dependence on the position of the cell. 
These theoretical predictions are the most surprising 
ones and in no way self-evident. If experimental veri- 
fication can be obtained on these points, therefore, 
the other consequences of the theory can also be re- 
garded with a good deal of confidence. 


Experimental. — An astigmatic modification of 
RAYLEIcH’s interferometer as described by Cat- 
vet [3], Puitpor and Cook [4], and Svensson [5] 
was used. The cell was illuminated by parallel light 
from a collimator with a fine vertical slit. On the 
other side of the cell, an astigmatic lens system gave 
in plan optical imagery of the light source slit, in 
elevation optical imagery of the cell. In order to re- 
cord directly the gradient fringes, from which the 
skewness is more easily measured, two optical differ- 
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entiators were placed on either side of the cell. These 
components, and the adjustment of the whole optical 
system, have been described in a recent communica- 
tion from this laboratory [6]. The diffusion cell has 
also been described earlier [7]. 

With regard to the desired results, it was necessary 
to localize as exactly as possible the conjugate image 
field of the photographic plate and its possible curva- 
ture. For that purpose, a transparent glass scale was 
placed on the cell stand, which could be shifted along 
the optic axis. Photographs of the scale were taken for 
a number of different cell stand positions, and they 
were compared with each other as to the sharpness 
of the scale lines. The field curvature was rather pro- 
nounced, so there was no exposure in which all scale 
lines were sharply defined. By plotting the num- 
bers of the sharp scale lines as ordinates against the 
cell stand positions as abscissae, both the location 
and the curvature of the conjugate image field could 
be determined and presented in a paper graph. After 
this had been done, the diffusion cell was placed in 
the stand at such a height that the boundary-forming 
suction slit came at the same level in the water-bath 
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as the apex of the curved image field, i. e. the point 
where its tangent plane was vertical. Here the field 
curvature could be disregarded, since all measure- 
ments were taken in the centre of a sharp diffusion 
boundary. The position of the apex could be safely 
localized to within a few millimeters. The glass scale 
was then again placed in this apex plane and photo- 
graphed in order to measure the optical magnification. 
The result was G = 1.300. 

The diffusion cell was then filled, from the bottom 
with a 2 per cent sucrose solution and from the top 
with distilled water. The mixing zone was sucked off 
through the suction slit, and a very sharp diffusion 
boundary was thus formed. It was allowed to diffuse 
freely for about 140 minutes. The refractive index 
increase across the boundary was 0.002862, and with 
a diffusion constant of 5,.23.10-8 (8), this gives a max- 
imum derivative at the centre of the boundary of 
n'(0) = 3.852.140 cm. The cell thickness was 
5.0) ems 

Differential interferograms of this boundary were 
photographed for six different cell positions along the 
optic axis. The vertical light source was cut down to 


TABLE I 
Measurements. 
r= 1.34 n= 0.94 r= 0.66 
Fringe 
puxaiiee Median Median Median 
7 aS Bs ord. ea Ota coord. ae oh coord 

0 ee + © ee) (c‘e) — 0 cO 
2 12.987 29.815 21.401 9.491 2Omadine 17.932 14.917 31.854 23.386 
5 14.436 28.288 212362 10.925 24.847 17.886 16.374 30.355 23.365 
8 15.364 27.368 21.366 11.828 232915 17.872 W723 29.427 23.350 
10 15.892 26.914 21.403 iP ayril 23.380 UF) sterol 17.760 29.021 23.391 
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3 mm in length in order to get sharp fringes in all 
instances. This made an exposure time of 60 seconds 
necessary, and the time delay between the first and 
last exposure became 10 minutes (diffusion time 
135-145 minutes). The heights of the gradient curves 
varied between 35.6 and 35.0 fringes from the first 
to the last exposure. 


The skewness of the gradient curves was measured 
in the following way. The plates were placed on a 
comparator table with the rectilinear parts of the 
fringes parallel with the motion direction of the com- 
parator table. The gradient curve was slowly shifted 
past the hair-cross of the microscope, and the position 
of each fringe was measured and written down in a 
table. Since each fringe has the form of a Gaussian 
error curve with an ascending and a descending 
branch, there are of course two readings per fringe. 
These primary observation data are given in Table 1. 


The arithmetic mean between two readings for one 
and the same fringe gives the position of the median 
of the gradient curve on the height represented by the 
number of the fringe in question. The median can be 
constructed if the said arithmetic mean is plotted 
against the number of the fringe. Such a plot is shown 
in figure 1. The slope of this median is a measure of 


Fic. 1. — Construction of a median of a skew 


diffusion curve. Ordinate : Position of midpoint 
of segment parallel to the axis. Abscissa : fringe 
number. 


the skewness. The readings are of course less accurate 
near the base-line and near the top, where the fringes 
run more parallel with the direction of motion of the 
comparator table. Consequently, the medians were 
constructed as straight lines through the safest rea- 
dings obtained from the steepest parts of the curves. 
The skewness was finally measured as the difference in 
vertical coordinate on the plate (Gx) between the 
base-line (fringe number 0) and the top of the curve 
(fringe number 35.3) for this rectilinear median. After 
division by G, the skewnesses referring to G = 1 were 
obtained. These were finally plotted against the long- 
itudinal cell positions, recalculated to the parameter r 
as defined in reference [1] (r = 0: back wall of the 
cell in focus ; r = 1: front wall of the cell in focus). 
This graph is shown in figure 2. 
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Fic. 2. — Skewness of the diffusion curve as a 
function of the longitudinal cell position. The 
crosses are experimental determinations, the straight 
line is that predicted from the theory. When r= 0 
andr = 1, the two cell walls are optically conjugate 
to the photographic plate. The skewness is = Owhen 
Ps OG 


Results. — If we start from equation (36) in refe- 
rence [1], differentiate it twice, and put the second 
derivative = 0, we should get the «x coordinate of 
the top ot the skew gradient curve, U. e. the skewness 


itself : 
a?n' (0) ( ) 
Sf r : 
m 3 


Consequently, the relation between the skewness 
and the parameter 7 should be a straight line which 
cuts the r axis at r = 2/3 and which has the slope 
a?n'/m. With the figures given earlier for 140 minutes 
diffusion, the numerical value of this slope becomes 
0.0723. This straight line has been drawn in figure 2, 
whereas the crosses are the experimental points. 


The agreement between theory and experiment is 
thus as good as could possibly be expected. It must 
be born in mind that what we have been measuring 
here is a correction term so small that it has been dis- 
regarded even in the most precise diffusion measure- 
ments performed hitherto. The result indicates also 
that the correct value of the WiENER skewness, for 
the case of the middle plane of the cell being in focus, 
is @n'/6 m, and not a2n'/8 m, as predicted by WtENER 
(ref. [1], equations 43 and 44). 

In addition to this quantitative verification of one 
consequence of the theory, this investigation has 
yielded another qualitative one. This is concerned 
with the blurring aberration term. It was mentioned 
in the experimental section that the light source slit 
had to be cut down to a length of 3 mm in order to 
get sharp fringes in all instances. A special expe- 
riment showed that, if a 20 mm long vertical slit was 
used as the light source, the fringes at the centre of 
the boundary were blurred except when the middle 
plane of the cell was in focus (r = 1/2). This is what 
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the theory requires. No attempt has been made to 
measure the critical slit length for complete blurring 
of fringes. 
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Sensations aroused by Monochromatic stimuli and their prediction 


by L. C. THomson 
The M. R. C. Group for Research in the Physiology of Vision, Institute of Ophthalmology, London. 


SumMARY. — 1. The appearance of the spectral colours has been recorded by a naming technique. 


surrounds of varying chromaticity. 


2. The method is based upon the presentation of the test colours in random order. The wavelengths are seen within white 


3. our points, orange, yellow, green and blue-green are determined for four surround illuminations. 
4, Miller's theory of colour perception is partly successful in predicting the wavelengths of the spectrum at which these 


colours are seen. 


5. Both the results and the colorimetry necessary for their predication refer to the same eye. 


SomMatre. — Les sensations produites par les couleurs spectrales ont été étudiées suivant une technique particuliére. 
La méthode est basée sur la présentation des tests colorés, dans un ordre quelconque. Les longueurs d’onde sont vues dans un 


champ environnant blanc, de chromaticité variable. 


Les points orange, jaune, vert et bleu-vert ont été déterminés pour 4 éclairements ambiants différents. 
La théorie de MuLiER sur la perception de la couleur est en partie vérifiée, dans la prévision des longueurs d’onde auxquelles 
les couleurs sont rattachées. Résultats et théorie nécessaire pour cetle prévision sont établis pour un méme eil. 


ZUSAMMENFASSUNG. — Das Auftreten von Spektralfarben wird nach einer besonderen Methode festgestelilt. 
Die Methode beruht auf der Darbietung von Pritffarben in willkiirlicher Reihenfolge. Die Farben erscheinen in hellem. 


Umfeld wechselnder Sdttigung. 


Die vier Farben: orange, gelb, griin und blau-griin wurden bei verschiedener Umfeldbelenchtung gepriift. 
Die Miillersche Theorie der Farbwahrnehmung sagt den Farbbezirk, in dem die Farben erscheinen, teilweise richtig voraus. 
Sowohl die Ergebnisse als auch die Farbmessung, die fiir die Voraussage notwendig ist, beziehen sich auf dasselbe Auge. 


It is one of the shortcomings of the Younc-HELM- 
HOLTZ, or trichromatic theory of colour vision that it 
cannot give an adequate explanation of the appear- 
ances of colours. This deficiency has led to the deve- 
lopment of many rival hypotheses, some which pos- 
tulate a poly — rather than tri — chromatic visual 
mechanism Occasionally authors of rival theories 
have called for the complete rejection of trichromacy 
in defiance of its purely mathematical consequence 
from the results of colour matching experiments. 

Other authors, however, have developed stage, or 
zone, theories of vision in which the three indepen- 
dent processes, demanded by colour mixture, are 
merely an initial set of mechanisms. These, affected 
directly by the light stimuli are then supposed to 
stimulate other mechanisms in later stages so that 
messages in a final zone may give rise to the visual 
sensations themselves. Such a zone theory of vision 
has been developed by Miitter [11] and _ ex- 
pressed in quantitative terms by Judd [8, 9]. The 
curves describing the spectrum for the colour mecha- 
nisms of Miiller’s theory are given by Jupp [8, 9] 
and those associated with colour are redrawn in 
figure 1. Three first stage mechanisms (fig. 1A P,, P, 
& P,) are postulated as having response curves which 


are identical in shape with those describing the C. I. E. 
standard observer. The second stage curves (fig. 1B 
yR-bG, gY-rB) are derived from those of stage one, 
each P process contributing to an unequal extent, 
and the third stage curves (fig. 1C r-g, y-b) are obt- 
ained by a further manipulation from those of stage 
two and were conceived by MiiLLER as giving the 
response of mechanisms in the optic nerve, which 
would eventually generate the colour sensations. 
The mathematical processes necessary to proceed 
from one stage to the next have been worked out 
from available subjective data and the curves of 
figure 1A, together with another associated with the 
sensations of white and black, do provide a consistent 
explanation for the various forms of colour defective 
vision (Jupp, [9]). 

The meaning of the third stage curves (fig. 1C) is 
that a process giving rise to red or green sersations 
mingles its activity with one providing yellow and 
blue. Thus the colour appearance of any monochroma- 
tic light should be directly predictable from figure 1C 
in which greenness and blueness are represented by 
the curves falling below the axis and redness and 
yellowness by rising above it. At the point y for ins- 
tance the r-g curve is zero so that an observer with 
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Fic. 1. — Response curves for the three zones of 
the visual mechanism postulated by MiuLLer (Re- 
drawn from Judd, [{8}]). 

A. Light sensitive processes. (P,, P, and Ps). 

B. Chromatic sensory processes (yR,-bG), (gY,-rB) 

C. Optic nerve fibre responses (7,-g), (y,-b). 

BG, G, Y and O. Points of intersection of the 
third stage curves either with each other or with 
the axis. These points have been determined in the 
present paper. The vertical interrupted lines are to 
facilitate comparison between the sets of curves. 


normal colour vision, and adapted to a white stimu- 
lus having equal radiant energy at each wavelength, 
should, when viewing light of wavelength 578.0 mu, 
see a yellow colour which is neither reddish nor green- 
ish. For light of wavelength 498.0 my (point G) a 
green sensation should be evoked which is neither 
yellowish nor bluish. Again stimulation by wavelength 
486.5 my (point G) should give rise to a blue-green 
sensation and, wavelength 588.0 my. (point O) should 
appear orange. 


In the present work a method has been divised 
which will test these predictions. 


I. — Method 


1. General Procedure. Monochromatic stimuli were 
presented in random order to the observer (L. C. T.) 
whose task was to name the colours seen. An asses- 
ment of the colour appearance of any stimulus could 
then be obtained from an analysis of the number of 
times a given name was used. 


A naming method for recording colour appearance, 
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rather than the binocular matching technique of 
Wriaut [17], was chosen because it enabled experi- 
ments to be conducted under a wider variety of con- 
ditions. In addition, the name applied to a colour is 
the record of its appearance used in everyday life and 
a technique using such a criterion was of special in- 
terest. 


2. Apparatus. A plan of the apparatus is shown in 
figure 21/ The light from source A, which was a 
tungsten ribbon filament lamp (6V, 18A) was focused 
through a neutral density wedge W, upon the entrance 
slit S, of a Hincer constant deviation monochroma- 
tor H,. The light emerging from the exit slit S, then 
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Fic. 2. — The apparatus. IJ. A and K, Ribbon 
filament tungsten lamps, 6V, 18A; W, and W,, 
neutral wedges ; H, and H,, Hilger constant devia- 
tion spectroscopes ; B, prism to rotate the beam ; 
C, half-silvered mixing cube; M, stray light filters ; 
D, object lens ; F surround screen ; L and G, sources 
of surround illumination ; J, black screen ; E, posi- 
tion of observer’s eye. 


II. The appearance of the surround and test 
fields. 


III. The dimensions of the slit images of the two 
spectroscopes in the plane of the observer’s pupil. 


entered a reflecting cube B, which raised and rotated 
the beam. The half-silvered cube C reflected the light 
towards the lens D which focused an image of the exit 
slit S, on the observer’s right pupil at E. The beam 
filled a circular aperture in the screen F which res- 
tricted the visual angle of the monochromatic source 
to 2019’. The surface of the screen F on the side to- 
wards the observer was coated with magnesium oxide 
and illuminated by sources of white light G and L. 
The visual angle of the white surround was limited 
to 13°30’ by the black screens at J. These screens 
were illuminated by the sources of light in the ceil- 
ing of the laboratory and occupied almost the whole 
of the remaining visual field. A further source of mono- 
chromatic light from the Hilger spectroscope H, 
could be viewed together with the first in the same 
circular field. The intensity of the second source was 
controlled by the neutral wedge W,. The appearance 
of the test field and its surround is shown in figure 2 IT. 
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For wavelengths shorter than 500 my the appropriate 
Ilford Bright Spectrum filter was used at M as a stray 
hght screen. 


The images of the spectroscope slits in the plane of 
the natural pupil at E (fig. 21) were arranged as in 
figure 2 IIT and under the conditions used the obser- 
ver’s pupil was large enough to accommodate the 
whole image. The position of the head relative to this 
image was maintained by biting on a dental impres- 
sion mouthpiece. 


3. Wavelength Calibration. The wavelength  cali- 
bration of the spectroscopes was checked before each 
set of observations. The slits S, and S, were so arran- 
ged that for the determinations of the BG and G 
points the spectral band width was about 6.0 my at the 
508.6 my cadmium line and for the Y and 0 points a 
similar width at wavelength 589.3 mu, the sodium 
doublet. For the determinations of the chromaticity 
of the white surround a suitable band width was used 
in each spectroscope which was in no case greater 
than 10 mu. 


4. The white surround. The light sources G and L 
illuminating the surround (fig. 2 I) consisted either 
of four 40 watt pearl tungsten lamps or two fluores- 
cent tubes, which had one of three phosphor mix- 
tures ; ‘‘ natural’, ‘‘ mellow ” or “ colour matching ”’. 
The illumination produced in the plane of the screen F 
on the optical axis by the four tungsten lamps was 
112 Im/ft?, when measured with a Holophane photo- 
electric photometer. The luminance of the screen 
was thus approximately 35.7 cd ft? being somewhat 
brighter towards the corners than it was in the 
centre. 


The screen as seen under each illuminant was also 
matched in luminance by wavelength 580 my. by alter- 
ing the wedge W, and each pair of fluorescent lamps 
gave a luminance approximately 1.5 times that of the 
tungsten lamps. The screen under fluorescent illu- 
mination was of even Juminance. 


The laboratory ceiling lights were used throughout 
so that daylight could be excluded from the labora- 
tory, and the lamps for this source were similar in 
kind to those illuminating the white surround. When 
tungsten lamps were used for the screen the two ceil- 
ing fluorescent lamps normally fitted were replaced 
by two rows of six 40 watt pearl tungsten lamps giv- 
ing an illumination on a table in the centre of the 
room of 12.8 lum ft?. The ‘“‘natural” and ‘mellow ” 
lamps gave approximately twice, and the ‘ colour 
matching ” three times, this illumination when mea- 
sured with the Holophane photometer. 


5. Stray light. Small quantities of stray light from 
the strong white sources did penetrate into the mono- 
chromatic beam, but formed such a small portion of 
the whole as to be negligible. With the wedge W, 
fully engaged the central field appeared black to the 
light adapted eye and stray light could only be obser- 
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ved by preventing the screen from stimulating the 
retina. A test for stray light passing through the mono- 
chromator was performed by observing the beam 
through appropriate colour filters. Appreciable stray 
light was only found in test fields of wavelength shorter 
than 500my, and in the experiments these wavelengths 
were filtered with the stray light screen at M (fig. 2 1). 


6. The L. C. T. Observer. One of the reasons for 
choosing observer L. C. T. for this work was that 
spectral sensitivity, colour matching and _ relative 
luminance data obtained with a 1°20’ field by colori- 
metric methods are available (THomson [13], IsHAK 
[6, 7]. The comparisons between observed and predic- 
ted wavelength values for the points shown in figure 4 
could thus be undertaken with data all derived from 
the same eye. Accordingly response curves which refer 
to the primary mechanisms and are similar in mea- 
ning to those shown in figure 1A were derived for 
observer L. C, T. 


The chromaticity coordinates in Wricut’s Spec- 
tral Unit System, the W. D. W. System (WricHtT 
[17]), were checked by making some further obser- 
vations on the Wright Colorimeter [17], and those 
used in the present work at wavelengths shorter than 
490 my differ slightly from the published values 
(IsHak [7]). The new results are given in Table 1. 
In addition, all three chromaticity coordinate curves 
were extrapolated by eye to wavelength 370 my, and 
this gave the values shown in italics in Table 1. Extra- 
polation of the spectral sensitivity data (THOMSON 
[13], was undertaken by continuing the results 
beyond 410 my as a straight line on the logarithmic 
plot. The values for the relative luminances of unit 
quantities (W. D. W. System) of the matching sti- 
muli were : — 650 muy, 0.596 ; 530 my, 1.000; 460 my, 
0.057. From these data the distribution curves for the 
above matching stimuli in the W. D. W. System were 
calculated and the “ red ” and ‘‘ blue” curves then 
adjusted until the units in which the stimuli were 
measured became equal for a match on an equal ener- 
gy stimulus. A new set of chromaticity coordinates 
were then derived and the spectral locus for stimuli 
650, 530 and 460 mu and for the observer L. C. T. 
could then be plotted in the usual way (fig. 3). 


Tuomson & Wrricur [15], using colorimetric data 
obtained by Wricut [18] from a number of observers 
with tritanopic vision, were able to locate the position 
of the fundamental “ blue ” stimulus in a standard 
chromaticity chart, and it was hoped that a similar 
method might be used in the chart for observer L. C. T. 
Unfortunately, sufficient accuracy could not be ob- 
tained and the- point r = 0.0370, g = — 0,0630, 
which had a relation to the spectral locus similar to 
the “ blue ” point located by Tuomson & Waicut 
[15], was chosen to represent this stimulus. The 
point r = 1.0250, g = — 0.0250, similar in position 
to that derived by Prrr [17] was chosen for the 
‘“ red ”’ stimulus. 
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R’ = 0.5544 R + 0.4387 G + 0.0069 B 
G' = 0.0225 R -- 0.9217°G = 0.0583 B 
Vv’ = 0.0020 R + 0.0832 G + 0.9148 B 


where for any wavelength, R’, G’ and V’ are the ordi- 
nate values of the response curves and R, G and B 


i | the ordinate values of the distribution curves for 
observer L. C. T. 
osti Re The figures for R’, G’ and V’ were then plotted 
bt ee | against wavelength and a smooth freehand curve 
3 | drawn through them so that ordinate values for these 
; functions could be obtained for each 1 my of wave- 
: length. These graphical values were regarded as stan- 
: dard throughout the calculations and are given for 
aes each 10 my of wavelength in Table II. 
‘ sgplleg ae SO mp TABLE II 
ee so eS Standard values for the Distribution Curves 
Fic. 3. — The chromaticity chart for observer for Observer L. CG. TL. 
L. CG. T. Points labelled 410 to 700, the chromaticity 
of the spectral wavelengths in terms of the standard 5 AT G i 
stimuli 650, 530 and 460 mu. Straight lines, loci 
used to determine the chromaticity of the fluores- 
cent « colour matching » source. 37 0.014 
X Chromaticity of the « Natural » source. 38 0.037 
oo Tungsten «40 watt » source. 39 0.105 
O = « Mellow » source. 40 0.001 0.001 0.286 
e@ — Equal energy stimulus. 41 0.002 0.004 0.590 
42 0.004 0.011 0.831 
43 0.005 0.020 0.936 
TABLE I 44 0.008 0.026 0.751 
é vi h aticity dinates for observer L. C. T. 45 0.007 0.034 0.673 
Blue & violet chromaticity coor ve ane note Wee 
2 : 47 0.002 0.075 0.577 
» my, r(650) my. 2(530 mu) b(460 mp) 48 0.011 0.093 0.300 
49 0.025 0.118 0.191 
370 0.030 — 0.078 1,043 a 0.056 0.201 0.141 
f : : : pi! 0.119 0.339 0.107 
380 0.029 — 0.072 1,043 : : 
: 52 0.213 0.521 0.081 
390 0.029 = 0072 1,043 
; 53 0.314 0.677 0.061 
400 0.029 == OMT 1,042 
3 54 0.415 0.646 0.043 
410 0.028 — 0.068 1.040 
: ENS 0.510 0.788 0.030 
420 0.026 — 0.058 1.032 e 
; 56 0.581 0.767 0.021 
430 0.022 — (0.048 1.026 
57 0.610 0.638 0.015 
440 0.020 — 0.032 1.012 
58 0.610 0.485 0.011 
450 0.010 — 0.013 1.003 
59 0.597 0.352 0.009 
460 — 0.009 0.017 0.992 5 
x 60 0.569 0.234 0.007 
470 — 0.041 0.072 0.969 
480 Bias 0955 0349 61 0.528 0.144 0.006 
| ; = : 62 0.440 0.086 0.004 
63 0.320 0.040 0.004 
Two lines were then drawn in the chromaticity 64 0.225 0.018 0.002 
; df 65 0.156 0.006 0.002 
chart of the L. C. T. observer. The first radiated from 66 0.083 0.003 0.001 
the “ blue” fundamental stimulus and passed through a ee ee 
a point near to the spectral locus at wavelength 69 0.010 : 
470 my, and the second starting from the ‘ red ”’ sti- 70 0.004 


mulus lay along, but slightly outside, the orange and 
yellow spectral locus. Equations were calculated for 
these lines and simultaneous solution gave the point 
of intersection as r = — 6.5467, g = 8.2854, which 
was taken as the position of the “ green ” fundamen- 
tal stimulus. The exact position of the fundamental 
stimuli is not critical as Wricut [7] has shown. Quite 
considerable changes of position of these points give 
only minor alterations in the shapes of the resulting 
response curves. 

The data for the observer L. C. T. were then trans- 
formed so as to refer to the three fundamental stimuli 
given above and the units of each adjusted to be 
equal in a match on the equal energy stimulus. The 
equations used were : 


7. Chromaticity of the White Surrounds. The chro- 
maticities of the white surrounds were measured by 
adding to the optical apparatus a second spectro- 
scope H, (fig. 2 J). The 2°19” field in the centre of the 
screen F could then be illuminated with mixtures of 
two monochromatic lights, one chosen from the blue 
region of the spectrum by the instrument H, and the 
other from the yellow or yellow-green by the instru- 
ment H,. The luminance of each light in the mixture 
could be controlled by the wedges W, & W, and by 
moving these and the wavelength drum of the spec- 
troscope H, a perfect match between the surround 
and the test field could be obtained. A pair of comple- 
mentary wavelengths was thus determined. 
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For each white surround four pairs of monochro- 
matic stimuli were obtained and straight lines joining 
the points representing them in the chromaticity 
chart for the L. C. T. observer were then drawn. 
These lines located the position of the white surround 
with sufficient accuracy and figure 3 shows the four 
lines for the “* colour matching ” illuminant together 
with the chromaticities of the three other white 
sources. 


8. First technique. The observer (L. C. T.) entered 
the laboratory which was illuminated with the white 
source under test and spent two or three minutes ob- 
taiming a wavelength calibration for the apparatus. 
This time is probably suflicient to remove any effect 
that previous illumination may have had on the sensi- 
tivity of the central fovea. The range of wavelengths 
to be investigated was chosen by looking at the colour 
of the test field whilst an assistant altered the wave- 
length of the monochromatic light, and then light of 
each wave length was matched to the surround for 
luminance by moving the wedge W,. The results so 
obtained were plotted against wavelength, and a 
smooth curve drawn through the points. This gave 
settings for the wedge W, which were used in the 
subsequent experiment, and for which the monochro- 
matic source was of equal luminance to the surround. 

The chosen wavelength settings were random- 
ised by the assistant using the tables published by 
FisHer & Yares [3] and presented at the luminance 
which matched the surround, to the observer. When 
he had looked at the test field with the right fovea, he 
named the colour without undue hesitation. Between 
settings of the spectroscope the observer’s eyes might 
wander over the whole laboratory. It was more usual, 
however, for him to read a book which was illumina- 
ted by the ceiling lights. Secrecy during the progress 
of the observations as to the results being obtained 
was rigorously maintained. 


II. — Results 


1. Whole Spectrum Experiment. Yo gain some expe- 
rience of the method, the surround and laboratory 
were illuminated with the tungsten source and a 
wide range of wavelengths (460-650 my at 10 my in- 
tervals) was chosen. The names to be used were limi- 
ted to nine : red, red-orange, orange, yellow-orange, 
yellow, yellow-green, green, blue-green and_ blue. 
After matching for luminance each wavelength was 
presented to the observer ten times in random order ; 
the results are shown in figure 4. These are plotted 
with wavelengths as abscissae and frequencies of 
colour name as ordinates. For instance, the black bar 
at wavelength 540 my shows that this wavelength 
received the name ‘‘ green ” eight times and the name 
‘« yellow-green ” twice in ten presentations which were 
randomized between presentations of other wave- 
lengths. 

The results were more precise than expected. No 
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wavelength received widely diverging names, two 
adjacent ones being the maximum variation for any test 
field while wavelength 600 mu was named “ orange” 
in all of ten presentations and this name was given 
to no other wavelength. 

Figure 4 has a superficial resemblance to the hue 
discrimination curve, to which, indeed it is related. 
"hus there are two spectral regions (600 my and 
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Fic. 4. — Results chart of the first naming expe- 
riment. Each colour name stratum is divided into 
10 equal ordinates. The black bars, located verti- 
cally above the wavelength presented to the obser- 
ver (horizontal scale) are 10 ordinates in length and 
record by the amount in each stratum the number 
of times a colour name was given to that wavelength 
in ten presentations. 


510 my) within which the ordinate position of the 
black bar changes rapidly with wavelength, and these 
points correspond to the two main minima of the 
wavelength discrimination curve. However, the simi- 
larity between the later curve and figure 4 is only 
general as may be seen by considering the range 460- 
490 mu. The ordinate position of the results of the 
naming experiment within this range is unchanged, 
and suggests that discrimination here is negligible. 
However, from the wavelength discrimination data, 
which are obtained by comparing in colour two adja- 
cent field of nearly similar wavelength, we know that 
discrimination is by no means absent. 

This comparison of interpretation indicates the 
difference between the present work and other sub- 
jective experiments which use the match point or the 
just noticeable differences as a criterion. In naming 
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experiments a study is made of the sensations them- 
selves, and figure 4 records the name given to any 
wavelength under the particular conditions chosen 
and cannot be expected to yield data which depend 
on a different criterion, and may, in any case, refer 
to a different stage in the visual mechanism. 

Holmes [4] points out that the names available to 
the observer affect the frequencies obtained and the 
results shown in figure 4 might well be different for a 
different selection of names. Those chosen for this 
experiment were the fewest which seemed necessary 
from a preliminary study of the spectral colours. 


2. Determination of the points O, Y, G, & BG. 
The unexpected precision of the method suggested 
that the points O, Y, G & BG could be determined 
with a restricted wavelength range. Thus approxi- 
mately ten wavelengths spaced at 1 my intervals were 
chosen by inspection in the appropriate spectral region. 
The names available to the observer were restricted. 
For instance, when determining the Y point, which 
from figure 1 is predicted as being the yellow colour 
which appears neither greenish nor reddish, the names 
used were limited to ‘‘ red ” and “‘ green ”’ so as to 
record whether the yellow colour seen appeared slight- 
ly reddish or slightly greenish. Even when the 
stimulus seemed pure yellow a decision was made to 
call it either red or green. 

The names ‘“‘ red ” and “‘ yellow ”’ were used in the 
determination of the 0 point ; ‘t blue ” and ‘‘ yellow ”’, 
the G point and “ blue ” and ‘‘ green ” the BG point. 
Owing to the limitation of the energy output of the 
spectroscope and a consequent radical change in ob- 
serving conditions, the B point (fig. 1) and the rest of 
the violet spectrum was not investigated. 

A typical protocol of one set of results is shown in 
Table III. In the analysis of the results a line was 
drawn through the table of names to correspond with 
the point of changeover from one name to the other. 
If, as in column one, there was a reversal of names 
at the junction the line was drawn as shown, but if 
the names were arranged as in column eleven, which 
has been added to this protocol as an example, the 
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TABLE IIl 


_ Protocol of results in an experiment by the Ist technique. 
15.1.53.—_eee() POINT 
White surround : — « Natural » fluorescent. 


Wavelength calibration : — Sodium 589.3 mu 
Band width 6.1 my 
Error mn ara 010) 

mn NAME ANALYSIS 

TIM Nae eee eae One/ meee Od CO eaeled 
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line would have had the position recorded there 
(592.5 mu). Any other arrangement of names was so 
rare that if it did occur it could safely be neglected. 
The position of the line in each of the ten columns was 
then recorded in wavelength and the average, correc- 
ted for the calibration error, was then the wavelength 
of the point being determined. 

Table III shows again the precision obtainable in a 
single set of observations in a naming experiment 
with a statistical structure, since a 2 mu wavelength 
band contains all the variations of name. Even less 
spread was usual when measuring the BG point. 
However, the result determined under exactly similar 
conditions might vary from day to day by as much 
as 0.7 my; bearing in mind that it was not possible 
to calibrate the spectroscope to better than + 0.15 my 
and that the just noticeable wavelength discrimina- 
tion difference for L. C. T.’s right eye with a 1°20’ field 
and without a white surround is, at this wavelength, 
1.5 mu (THomson & TreEzona [16]), each determina- 
tion probably has an error of + 0.5 mu. 


3. The effect of successive contrast. It has been known 
for many years that prior presentation of a condition- 
ing stimulus may alter the appearance of the follow- 
ing coloured test field. In the experiment described 
above one did not expect the results to be influenced 
by such successive contrast since the wavelengths 
were presented in random order and with perhaps 
20 seconds or so between one observation and the 
next. However, lack of reproducibility between re- 
sults seemed to be due to variations in the range of 
wavelengths chosen. 

Accordingly, a separate investigation of the 0 point 
with ‘‘ natural ” fluorescent lighting was undertaken. 
The number of wavelengths in each set was standard- 
ised as ten at 1 my intervals and six overlapping 
ranges were set up such that the mean wavelengths 
of each were separated by 2 my. In figure 5 the ab- 
scissa records the mean wavelength of the range and 
the horizontal black bars indicate the wavelengths 
covered by each. All wavelengths from 587-606 my. 
were then matched to the surround for luminance and 
the values on the wedge W, smoothed in the usual way. 
After the lapse of a few hours, during which the assis- 
tant randomised the wavelengths within each range 
and also the six ranges amongst themselves, the obser- 
ver returned to the laboratory and completed the 
whole series of observations at one sitting. All the 
settings for one range were presented before starting 
on the next and because the ranges were randomised 
amongst themselves the observer was unable to tell 
from which the test fields were chosen. To reduce the 
labour of the experiment the number of observations 
per range was reduced to forty. 

The observed values for the 0 point are recorded on 
the ordinate of figure 5 and the results for the above 
experiment against the mean wavelength of the range 
with which each was measured are plotted as the 
filled circles. The results from two further experiments 
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are given as crosses and triangles and one can see that 
the wavelength value of the 0 point moves towards 
shorter wavelengths as the mean wavelength of the 
range used to measure it becomes shorter and vice 
versa. To some extent the range of wavelengths pre- 
sented educates the observer and influences his judge- 
ment of redness and yellowness. This result shows 
the importance of strict control of observing condi- 
tions in naming experiments, and goes some way to 


explain the reputation for fickleness attached to such 
methods. 
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Fic. 5. — Effect of successive contrast on the 
0 point. The thick horizontal lines in the upper dia- 
gram denote the wavelength ranges within which 
random presentations of spectral stimuli were pre- 
sented to the observer in one experiment. In the 
lower diagram the observed 0 point is plotted against 
the mean wavelength of the range with which is was 
measured. @, results obtained with ranges indica- 
ted in the upper diagram ; 0 and X, similar results 
obtained in two other experiments with sets of six 
ranges the overall mean wavelengths of which were 
displaced 1 my from that of the first set. The posi- 
tions of the overall mean wavelengths for the three 
experiments are given by the arrows at the foot of 
the figure. The dotted horizontal line is that along 
which the results for the observed 0 point should lie 
if they were unaffected by the wavelength range and 
if the value for the 0 point was 597.5 mu. The small 
black bar gives the size of the just noticeable diffe- 
rence of wavelength at this spectral position for ob- 
wserver LG. T: 


4, 2nd Technique. The above findings led to a new 
observing technique. All preliminary inspection of 
the test field was abandoned and every wavelength 
that might conceivably be used for any determination 
was matched for luminance beforehand. After several 
hours had elapsed a range of ten wavelengths was 
arbitrarily chosen and randomised. Forty observa- 
tions were then made and the difference (A) between 
the wavelength of the observed point and that of the 
mean of the range with which it was measured, was 
calculated. If this was positive another range of ten 
was chosen with a mean at a longer wavelength and, 
after an interval of at least half an hour, the observa- 
tions repeated. Further trials might be necessary 
until both negative and positive differences had been 
obtained and it was possible to assess to within a few 
tenths of a my the wavelength value of the point for 
which A was zero. A typical protocol is shown in 
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Table IV. With this technique the points could be 
determined to an accuracy of about + 0.5 mu. 


TAB LER LY, 
Protocol of an experiment to determine the Y point 
Date Range mu Result mu. A mu. 
US ile 577.5 - 586.5 583.6 + 1.6 
DAO: 580.5 - 589.5 585.5 sj HS 
10.2.53. 581.5 - 590.5 586.0 0.0 
10.2.53. 582.6 - 591.6 586.6 — 0.5 
Y point is at wavelength 586.0 my. 


5. The Effect of Simultaneous Contrast. The appa- 
ratus was designed with a white surround so that 
variation of result by simultaneous contrast could be 
controlled. Further, several ‘‘ white ’’ sources are now 
available as fluorescent tubes and the effect of chang- 
ing the surround illumination could be investigated. 
The screen and the laboratory were always illumina- 
ted by similar lamps and the second observing tech- 
nique was followed. 

The results for the four points and for three kinds 
of fluorescent tube and one tungsten source are shown 
in the first four columns of Table V. 


TABLE V 


The variation of the wavelength of the observed 
point with surround illumination. 


Points mu 
SOURCE. O ay’ G BG. W. 
Fluor. « Natural » 596.9 586.0 513.4 502.6 576.5 
Fluor. « Mellow » 605.0 594.3 514.1 504.0 584.2 
Fluor. « Colour 
Matching » 597.5 584.3 509.1 499.1 o72.4 
Tungs. 40 watt 604.6 592.3 519.6 508.3 583.4 


6. Foveal Tritanopia. If the size of the test field is 
reduced so that it subtends only 15’ at the eye and 
then the stimulus is viewed with the central fovea by 
an observer with normal colour vision, the eye be- 
haves as though it possessed a type of colour defective 
vision known as tritanopia (K6nia [10]). Vision is 
dichromatic under these conditions and certain wave- 
lengths in the yellow green spectral region can be 
matched with white. 

In the present work the white points for observer 
L.. C. T. were determined by replacing the aperture 
in the screen F with another which limited the size of 
the test field to 15’, and using a technique of observa- 
tion which was similar to that described above. The 
answers available to the observer were limited to 
‘““ Yes” or ‘¢ No ’’, so as to indicate whether or not a 
given test field matched the surround. Since the 
match of the spectral colours with white is only obtai- 
ned when the eye has been viewing the small field 
for a few seconds, the answer ‘‘ Yes ” meant that on 
observing the field for about this length of time it 
matched the surround white exactly. The white points 


LOO Lipa 
were determined from the records by averaging the 
wavelength values of all the ‘‘ Yes ” answers and cal- 
culating the value of A as before. The results obtained 
for the four screen illuminations are shown in the last 
column of Table V. Taomson and Wricur [14] obtai- 
ned the value 577.0 mu for L. C. T. and for the stand- 
ard sources Sg by a conventional matching method. 


IIJ. — Discussion 


1. The meaning of the curves in figure 1. To obtain 
the curves of figure 1, data from colour matching 
experiments are expressed as the amounts of three 
matching stimuli, measured in trichromatic units, 
which are required to match one unit of radiant energy 
at each wavelength. This has been done for observer 
L. C. T. by a method given above, and the results 
shown in Table II and as the full lines in figure 6. 
These curves thus refer to stimulus quantities requi- 
red in matching the test wavelength and not to mea- 
surement of the responses in the visual mechanisms. 
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Fic. 6. — A comparison between two sets of sen- 
sitivity curves for observer L. C. T. Full lines, with 
units of matching stimuli adjusted to be equal on 
the equal energy stimulus ; dotted lines and centre 
full line curve, with units of matching stimuli ad- 
justed to be equal on the « Mellow » fluorescent source. 


The trichromatic units in which each of the three 
stimuli are measured are chosen arbitrarily, and the 
quantities of each required to produce a match for a 
test field illuminated by a white source having equal 
amounts of radiant energy in each wavelength inter- 
val are taken as unity. This has been done for the full 
line curves in figure 6 and therefore they refer to an 
equal energy spectrum and the trichromatic units 
which measure the quantities of the stimuli, to an 
equal energy white source. The effect of these deci- 
sions is to equate the areas lying beneath each of the 
three curves. On the other hand, any other ‘‘ white ” 
source can be matched with the three stimuli and the 
quantities so required considered as unity. The effect 
of this is shown by the dotted curves in figure 6 which 
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give the same matching data calculated for an equal 
energy spectrum but with trichromatic units of the 
stimuli adjusted to be equal for the ‘* mellow ”’ fluo- 
rescent source. There is no change in the shape of 
the P, & P,; curves. They are merely raised or lower- 
ed by suitable factors. 

Thus four sets of curves corresponding to the four 
white sources used are available for making predic- 
tions by adjusting the trichromatic units of the stimuli 
to be equal in a match on the four white surrounds. 

Since no measurement of the response of the visue] 
mechanisms has been made in obtaining the curves of 
figure 6, one cannot equate these curves directly with 
the response curves for the first stage mechanisms of 
the Miitter theory. Some assumption as to the re- 
lationship between the stimulus magnitudes in tri- 
chromatic units and the amount of response in the 
visual mechanisms must first be made. So far this has 
been that the responses elicited by a test field of any 
wavelength are directly proportional to the appro- 
priate quantities in trichromatic units of the three 
stimuli. These stimuli are called ‘“‘ fundamental ” 
and can be determined from a variety of visual expe- 
riments (cf. Prrr [12] & Wricutr [17]). A further 
assumption, namely that the responses in the three 
primary mechanisms are equal when the subject expe- 
riences the sensation of white, is also necessary. 

Granted that these assumptions are so, then the 
curves of figure 6 can be regarded as first stage res- 
ponse curves and completely equivalent to those of 
figure 1 A, except that the latter are for the average 
and the former (fig. 6) for an individual eye. The ordi- 
nate values are then the magnitude of the activity in 
each mechanism when stimulated by test fields of 
each wavelength containing equal amounts of energy. 
Further, one may consider the dotted curves of 
figure 6 to be the response curves of the visual mecha- 
nisms when they are adapted to a screen illuminated 
with the ‘‘ mellow ” fluorescent source and since this 
light has a chromaticity (see fig. 3) which is more 
reddish than the equal energy stimulus, the P,; mecha- 
nism would increase in sensitivity during adaptation, 
when the eye first views the equal energy stimulus 
and then the ‘“‘ mellow ” fluorescent source. This is 
shown in figure 6 by the greater ordinate values for 
the dotted P; curve which mean that the equal energy 
spectrum used as a field will now elicit a greater P, 
response for the same unit of radiant energy. 

The minus values on the ordinate of the second and 
third stage response curves (fig. 1 B & C) do not mean 
that the response is negative here but only that it isa 
response in the opposite sense to that represented by 
the positive values. 


2. Prediction of the results. To predict the results 
given in Table V, the appropriate first stage curves 
were calculated by the method outlined above and 
illustrated in figure 6 from the measured chromaticity 
of the white source used on the screen (fig. 3). From 
these curves the third stage response curves could be 
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found by means of Judd’s [8] transformation 
equations and the crossing points, BG, G, Y & O de- 
termined for each surround. In figure 7 the observed 
wavelength values for the four points are plotted 
against those calculated from the response curves 
and the results all lie on a line (full line in fig. 7) which 
passes through the general mean of all the values and 
has a slope of unity. The correlating coefficient is 0.99 
and any deviation of the observed points from this 
regression line is undoubtedly due to experimental 
error. 
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Fic. 7. — A comparison between the observed 
and calculated wavelengths for the points, BG, G, Y 
and O for four surround illuminations. X, for « Na- 
tural » source; (J, for tungsten « 40 watt » source ; 
0, for « Mellow » source ; A, for « Colour matching » 
source. The values corresponding to any point fall 
vertically above or below the horizontal black bars 
which are labelled with the appropriate letters. Full 
line, regression line for all values. Dotted line, posi- 
tion of perfect correlation. Numbers 1, 2, 3 and 4, 
values obtained in the white point experiment. 


The MiiLLer theory predicts that the white point 
seen in the spectrum by the tritanopic observer coin- 
cides with the wavelength at which the P, & P, curves 
are equal. Assuming that foveal tritanopia is a simil- 
ar condition, the predictions for the observed small 
field white points were calculated and are shown as 
the numbers in figure 7. These points do not lie on the 
regression line for the other points. 

The success of the predictions from the MuLLer 
theory is, however, only partial because there is a 
fixed wavelength displacement between the regres- 
sion line of the four points and that of perfect correla- 
tion (dotted line in figure 7). At present this discre- 
pancy is without explanation but the surprisingly 
good agreement between the values themselves and 
their regression line suggests that MiirLer’s theory 
is basically correct. No doubt some modifications of 
the constants in the transformation equations prepa- 
red by Jupp [8] might be found that would correct 
this fixed wavelength displacement. All attempts, 
however, to derive new and suitable constants have 
so far failed. 


3. Comparison of the results with those of other auth- 
ors. The wavelength values for the Y and G points 
determined by the present method could be conside- 
red as those which initiate the physiologically unique 
colours, yellow and green. These colour sensations are 
those which appear to be unmixed with sensations 
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aroused by neighbouring wavelengths. An excellent 
review of the work done to determine the spectral 
positions of the unique sensations of yellow, green, 
blue and red is given by Dimmick & Hupparp [4]. 
They also describe their own experimental method 
and give fresh determinations of these wavelengths. 
Ten observers with normal colour vision were used 
and an average wavelength of 582 mu for unique yel- 
low and 515 mu for unique green were obtained. These 
values could well form part of the series shown in 
Table V, columns 2 and 3. The wavelength for unique 
blue was found to be 475 my but owing to the small 
amounts of short wave energy delivered by the pre- 
Sent apparatus no corresponding figure is available. 


Unfortunately a strict comparison between the 
present results and those of Dimmick & Huspparp is 
not possible. Whilst their technique, which differs 
substantially from the present one, is satisfactory in 
every other way, the surround conditions of observa- 
tion were not fully controlled. The authors state that 
the eyes were light adapted in a room illuminated 
with a “ north light ” lamp, but the adaptational 
state of the eye during the actual measurements is not 
precisely known and the factors required to produce 
suitable response curves as in figure 6 cannot be 
properly assessed. 


The unique hues have recently been measured by 
Hurvicu & Jameson [5] for the eye viewing a 1°12’ 
field with a dark surround after 10 min. of prelimi- 
nary dark adaptation. The average results for two 
observers gave unique yellow at wavelength 588.9 mp 
and unique green at wavelength 489.4 mu. 


I should like to thank Miss Sueira Heats who 
recorded the observations and devised and drew the 
diagrams. 
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A Photoelectric Spectrophotometer and Tristimulus Colorimeter 
designed for Teaching and Research 
by W. D. WricHt 
Technical Optics Section, Imperial College of Science, London 


SumMarY. —- The instrument consists of a large double monochromator in which the light, after dispersion through the upper 


halves of two 60° dense flint prisms, is focused to produce a spectrum some 25 cm long. A mirror strip localed in the plane 
of the spectrum selects the required waveband and reflects it back through the lower half of the dispersing system. The return 
beam is then reflected by a prism and brought to a slit focus in the plane of the exit-slit. The spectral purity of the light 
emerging from the slit is primarily determined by the width of mirror used in the spectrum and several sizes of muror are 
provided. 
: The colour filler or surface whose spectral transmission or reflection curve is to be measured is mounted in a holder beyond 
the exit-slit and provision is made to rotate the specimen to provide various angles of incidence of illumination. A. G. E. C. 
Universal Precision Photoelectric Photometer Unit is used to measure the light flux from the specimen, and the photo-cell can 
be moved on a radius around the specimen to permit polar curves of reflection and transmission to be measured if desired. 

The instrument can be adapted as a tristimulus colorimeter by mounting a 25 cm strip of concave mirror in the plane of the 
spectrum to reflect and re-unite the whole of the spectrum on ils return passage through the dispersing system. Templates can 
then be placed in front of the mirror of such as hape that, in conjunction with the spectral sensitivity of the photo-cell, the whole 


system has a spectral sensitivity corresponding to the x, y or z distribution curve of the C. I. E. trichromatic system of colour 
measurement. Comparison of the photo-cell readings with the sample and the reference standard illuminated in turn, for each of 
the templates, provides a direct determination of the tristimulus values of the sample. Polar curves of chromaticity can also be 
measured, 


Sommarre. — L’inslrument est composé d’un grand monochromateur double dans lequel la lumiére, aprés dispersion par les moitiés 
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supérieures de 2 prismes a 60° en flint dense, est concentrée en un spectre d’environ 25 cm de longueur. Une bande réfléchissante 
placée dans le plan du spectre en isole la partie désirée et la renvoie a travers la moitié inférieure du systéme dispersif. 

Le faisceau de retour est alors réfléchi par un prisme et concentré sur une fente dans le plan de sortie. La partie spectrale de la 
lumiére émergente de la fente est déterminée d’abord par la largeur du miroir placé dans le spectre ; plusieurs dimensions de miroir 
sont prévues. 

Le filtre coloré ou la surface dont la courbe de transmission ou de réflexion spectrale doit étre mesurée est monté sur un support 
derriére la fente de sortie, avec possibilité de le faire tourner pour obtenir divers angles d’incidence de la lumiére. On photométre 
photoélectrique GEC est utilisé pour mesurer le flux lumineux issu de V’échantillon ; la cellule est mobile autour de l’échantillon 
pour permettre le tracé des courbes polaires de réflexion et transmission si besoin est. 

L’instrument peut étre transformé en colorimétre trichromatique au moyen d’un écran concave de 25 cm placé dans le spectre 
qu'il réfléchit en totalité et recompose en faisant traverser au faisceau le systéme dispersif. 

On peut placer devant le miroir des écrans dont la forme choisie en fonction de la sensibilité spectrale de la cellule, est telle 


que tout le systéme ait une sensibililé correspondant a la courbe de distribution X, v, ou z du systéme C. I. E. de mesure des cou- 
leurs. 

La comparaison des lectures de la cellule obtenues successivement pour lV’échantillon et pour UVéchantillon de référence avec 
chacun des écrans, donne une détermination directe des composants trichromatiques de lV échantillon. Des courbes polaires de chro- 
maticité peuvent ainsi étre obtenues. 


Das Instrument enthit einen grossen Doppelmonochromator, bei dem das Licht zunichst durch den oberen 
Teil eines 60° Prismas aus Schwerflint zu einem Spektrum von 25 cm Linge auseinandergezogen wird. Ein Spiegelstreifen in der 
Ebene dieses Spektrums schickt einen ausgewihlten Wellenlingenbereich durch den unteren Teil des Prismas. Nach der zweiten 
Zerlegung entsteht tiber ein Ablenkprisma ein Spaltbild in der Ebene des Austrittsspaltes. Die spektrale Reinheit des aus dem 
Austriltsspalt austretenden Lichtes hingt wesentlich von der Breite des Spiegelstreifens in dem ersten Spektrum ab.und deshalb 
sind mehrere Spiegelgrissen vorgesehen. ; 

Die Farbfilter und Oberflichen, deren spektrale Durchlissigkeits- und Reflexionskurven aufgenommen werden sollen, werden 
in einen Halter hinter dem Austrittsspalt eingesetzt und kiinnen gedreht werden, um die Messung unter verschiedenen Einfalls- 
winkeln des Lichtles vorzunehmen. Ein elektrisches Universal-Prdzisionsphotometer der Am. Gen. El. Go. misst den Lichtstrom 
hinter der Probe. Dir Photozelle ldsst sich um die Probe als Mitte herumschwenken, um, falls es gewiinscht wird, auch die azi- 
mutale Verteilung des reflektierlen oder durchgelassenen Lichles zu messen. 

Das Instrument kann als Drei-Wellenlangen-Kolorimeter eingerichtet werden, indem man einen 25 cm breiten Streifen eines 
Hohlspiegels in der Spektrenebene anordnet und so das gesamte Spektrum auf seinem Rickwege durch das Prisma wieder verei- 
nigt. Man kann dann vor dem Spiegel Blenden anordnen dergestalt, dass unter Beritcksichtigung der spektralen Empfindlichkeit 


der Photozelle das ganze Sustem eine spektrale Empfindlichkeit bekommt, die der, X, V oder Z- Verteilungskurve im C. I. E. Tri- 
chromaten-System der Farbmessung entspricht. Der Vergleich der Photozellenablesungen fiir die Probe und ein Vergleichsstan- 
dard in wechselweiser Beleuchtung erlaubt eine direkte Bestimmung der Dreipunktswerte der Probe. Die Polarkurven der S4tti- 
gung kénnen ebenfallsgemessen werden. 


Introduction. — This paper describes an instru- 
ment that has been designed for advanced instruction 
and research in spectrophotometry and colorimetry. 
Flexibility has been one of the chief aims in the de- 


sign, and the instrument can be used as a spectro- 
gomometer and a tristimulus colorimeter, as well as 
for normal spectral transmission and reflection measure- 
ments. The area of the specimen illuminated can 
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also be varied and, if required, local variations in the 
surface reflections can be studied. The instrument is 
of high precision and light sensitivity, but has no 
recording mechanism, a feature of relatively little 
value in a teaching instrument. 


The Optical System of the Monochromator. — The 
basic optical system is in some respects similar to 
that of the author’s colorimeter (Wricut 1946, [4]). 
As light source, a 6 volt, 16 amp ribbon filament lamp 
with vertical filament is used, the power being sup- 
plied from four 6 volt car batteries in parallel and 
backed by a Westat charging unit. This provides a 
very steady light source which permits much greater 
freedom in the method of making certain measure- 
ments than would be the case if precautions had con- 
stantly to be taken to compensate for fluctuations in 
the light intensity. 


SPECTRUM~_| 


Fic. 1. — Optical System of Spectrophotometer 
(not to scale). 


The source S (fig. 1), is imaged on the entrance slit 
T, by the achromatic condenser lens C. Both the en- 
trance andexit slits, T,and T,, opensymmetrically and 
their length can be adjusted from 0-1.8 cm. A field 
lens F in front of T, forms an image of C in the 
plane of the collimating lens O,. The purpose of the 
field lens is to reduce the vignetting in the system and 
to ensure as uniform an illumination over the height 
of the spectrum as possible. O,, which has a focal 
length of 60 cm, is 7.5 cm, in diameter, but a rectan- 
gular aperture A, restricts the area of light incident 
on the dispersing prisms to 4.2 « 5.0 cm. 


The dispersing prisms P, and P, are 10.5 em high 
and of 7.5 and 8.75 cm side respectively. They are of 
dense flint, rather than of extra dense flint, glass in 
order to facilitate the transmission of the near ultra- 
violet down to a wavelength of 360 my. The light 
from QO, is dispersed in its passage through the upper 
halves of the prisms and is then focused to form a 
spectrum some 25 cm long by the objective O., which 
is of 115 cm focal length and 12.5 cm diameter, al- 
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though only the upper half of the lens is used by the 
incident beam. The height of the spectrum can be 
controlled by adjusting the length of the slit T,, but 
in normal use is about 3 cm high. 


The lens O, and the prisms P, and P, are mounted 
on a cast-iron prism table, but O, is attached to a 
horizontal arm pivoted about a vertical axis just 
under the first surface of P,. At its further end, the 
arm, carries a mirror M in the plane of the spectrum, 
the mirror being mounted on a stand with three feet, 
which rest in a hole, slot and plane fitting on the arm. 
M is a strip of spherical mirror, 3 cm high and with a 
radius of curvature of about 140 cm ; any one of seven 
different mirrors may be chosen, having the following 
widths : 2 mm, 5 mm, and (4, 2, 3, 4 and 5 cm. The 
curvature on the mirror has the same effect as a field 
lens in the plane of the spectrum. 


The movable arm with its mirror stand can be set 
at any required position in the spectrum as indicated 
on a centimeter scale and vernier beyond the spec- 
trum. Tilting and rotating adjustments are pro- 
vided on the mirror mount, and when the mirror is 
correctly adjusted, the selected waveband is reflected 
back through the lower halves of O,, P, and P, and 
into the 90° prism R, whose height is only half that 
of P, and P,. After reflection in R, the light is brought 
to a slit focus at T, by the objective O,, which is of 
similar dimensions and focal length as O,, except that 
the rectangular aperture A, is in this case adjustable 
in size. The slit image at T, and the slit at T, are con- 
jugate to each other and of unit magnification, and 
although the image at T, is also conjugate to the spec- 
trum, the width of the image is entirely independent 
of the width of the mirror M, being determined solely 
by the width of T,. 


The prism R can be rotated and tilted to bring the 
slit image symmetrical relative to the slit T,. T, is 
then adjusted in width and height so as to be just 
equal to, or slightly narrower than, the slit image, and 
when adjusted in this way, the return passage of the 
light through the dispersing system converts the ins- 
trument into a double monochromator with its atten- 
dant reduction in stray light. The stray light is fur- 
ther reduced by allowing the parts of the spectrum 
not intercepted by the mirror M to fall on a light trap 
consisting of two black glass plates mounted parallel 
to each other but inclined at 45° to the incident light. 
Successive reflections at the two surfaces and subse- 
quent absorption of the residual light on the blacke- 
ned walls of the cover of the instrument successfully 
eliminates any significant back reflection through the 
instrument as shown by measurements of the stray 
light with the photo-cell unit. 


Three cast-iron arms are bolted to the prism tabie 
to support the various optical components, and the 
whole structure is supported on three short pillars 
which rest in hole, slot and plane fittings in the cas- 
tings. Figures 2 and 3 illustrate the construction and 
lay-out of the apparatus. 
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The Mounting of the Sample and the Photo-cell. — 
The’sample and photo-cell are mounted as a separate 
unit so that, if necessary, the distance of the sample 
from the exit-slit of the monochromator can be va- 
ried. In normal use, a lens O, (fig. 4) collects the hight 
emerging from the exit-slit and focuses it to form an 
image of A, in the plane in which the sample H is 
located. The size of this image is, of course, a function 
of the focal length and position of O, and for general 
use 1s arranged to be about 1.0 x 0.8 em. It can, 
however, be made greater than this or, if desired, a 
higher power lens can be used to focus a reduced image 
of the slit T, on the sample. If the length of the slit is 
reduced, the illuminated area of the sample can be 
diminished to 1 sq. mm or less. 
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Fie. 4. — Arrangement of the Sample and Photo- 
cell beyond the Exit-slit, as positioned for transmis- 
sion measurements. 


The sample holder consists of a vertical plate 
with two rectangular apertures init and this plate is mo- 
unted ona geometric slide, so that it can be moved 
across for the light to fall on either of the apertures. 
If the transmission of a filter is to be measured, the 
sample filter is clipped over one of the apertures while 
the other aperture is left clear. The photo-cell E is 
located directly in line with the light, and the sample 
holder is alternately positioned so that the light 
passes either directly, or through the specimen, to the 
photo-cell. 


Both the sample holder and the photo-cell can be 
rotated about a vertical axis, and for reflection mea- 
surements, the relative position of the components 
can be arranged as in figure 5. This arrangement cor- 
responds to the standard conditions laid down for 
colorimetry by the C. I. E., namely 45° illumination 
and normal viewing. However, if the reflection cha- 
racteristics of a surface are to be studied in detail, it 
may be necessary to measure the polar reflection 
curves of the sample, and provision has therefore been 
' made for the angular setting of the sample and the 
photo-cell to be adjustable over a wide-range, circular 
scales being engraved on both the sample holder and 
the photo-cell table. If required, the cone of light pic- 
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Fra. 5. — Arrangement of the Sample and Photo- 
cell beyond the Exit-slit, as positioned for reflec- 
tion measurements. 
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ked up by the photo-cell can be restricted by means of 
apertures placed in front of the cell. 


The reflection of a sample is usually measured rela- 
tive to a magnesium oxide surface or a calibrated sub- 
standard opal glass plate. The sample and reference 
surface are therefore mounted on the sample holder 
and the photo-current is measured when the light is 
incident in turn on the sample and the standard. 


The sample and photo-cell unit are housed under a 
canopy consisting of a wooden roof and sides of black 
cloth which effectively cut out the fairly small amount 
of light used in the rest of the room. The photo-cell 
container is provided with a shutter which is usually 
left open throughout a series of observations, an addi- 
tional shutter J being provided to allow the light 
from the monochromator to be cut out when the zero 
of the photo-cell system is being checked. This shutter 
is spring-loaded and is for convenience operated 
through a cable release located near at hand to the 
experimenter. 


The Photo-cell System. The photo-cell system 
consists of a G. E. C. Universal Precision Photo- 
electric Photometer Unit (WincH and Macuin, 1935, 
[2]) in which the output from a vacuum emission type 
cell is amplified by an electrometer triode, and the 
photo-cell and triode, together with a high resistance 
grid-leak, are enclosed in an evacuated glass bulb. 
This arrangement ensures that the high grid insula- 
tion remains constant independent of atmospheric 
conditions. In the unit used in the present apparatus, 
three different grid leaks having resistances of 101°, 
104 and 1012 ohms have been mounted in the glass 
bulb, and any one of them can be connected in circuit 
by means of an externally-operated magnetic switch. 
This provides a potential gain in sensitivity by fac- 
tors of x 10 and x 100, although these high sensiti- 
vities involve increased time constants and slower 
operation of the photometer. 


When making a measurement, a balance is first ob- 
tained on the valve bridge when no light is falling on 
the photo-cell. When the cell is illuminated, the vol- 
tage produced across the grid leak is compensated by 
an equal voltage applied from a grid potentiometer. 
The potentiometer reading is then proportional to 
the light flux on the cell. 

The supply unit includes a voltage stabiliser, and 
the stability of the complete photometer is generally 
very satisfactory provided time has been allowed for 
thermal equilibrium to have been reached. A check on 
the zero setting can, however be made very quickly 
to determine whether any drift has occurred, and the 
value for the transmission factor of a filter can usually 
be repeated to within -+-0.2 per cent. 


The Instrument as a Tristimulus Colorimeter. — 
In addition to the mirrors already described, an alu- 
minised mirror 25 em long, 3 em high and 125 em 
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radius of curvature can be mounted in the plane of 
the spectrum to reflect and recombine the whole of 
the spectrum on its return passage through the prism 
system. The monochromator is then acting essentially 
as a colour filter which can be given any desired trans- 
mission curve by the insertion of a suitably-cut tem- 
plate in front of the mirror; such a template can in 
fact be seen in position in figure 2. 

This principle is now well-known and has been des- 
eribed, for example, by W1ncw and Macnin (1940, 
[3]) in their physical colorimeter. To use the present 
instrument as a colorimeter, three templates are 
required so that, after account has been taken of the 
energy distribution of the light source, the dispersion 
and absorption in the monochromator, the shape of 
the template and the spectral sensitivity of the photo- 
cell, the overall response of the system corresponds 
either to the w, y or 2 distribution curve of the C. I. E. 
system for some given illuminant. To achieve this 
result, the varying response of the photo-cell has first 
to be measured as a slit is traversed through the spec- 
trum, and the height of the template required at 
each wavelength to give the correct response can then 
be calculated. For teaching purposes, it is convenient 
for the student to cut the template out of cardboard, 
but for continuous use a more permanent metal tem- 
plate is to be preferred. 

To obtain the chromaticity of a sample by this 


means, the a template is inserted and the response 
measured when the sample and the magnesium oxide 
reference surface are in turn illuminated by the light 
emerging from the exit-slit. The ratio of the readings 
then gives the X tristimulus value of the sample rela- 
tive to that of the MgO surface. The measurements 


are repeated with the y and z templates to give the 
corresponding Y and Z tristimulus values. The sys- 
tem thus serves as a form of integrator and can be 
used as a rapid method of deriving the chromaticity 
co-ordinates as an alternative to calculating them 
from the spectral reflection or transmission curve, if 
that curve has also been measured. 

By varying the angle of incidence of the light on the 
sample and the angular position of the photo-cell, it is 
also possible to record polar chromaticity curves and 
thus have a measure of the change in colour as well as 
the change in hght reflection with differing viewing 
conditions. 


Uses of the Instrument. — The instrument has been 
in use for about three years and in addition to its em- 
ployment for teaching purposes in straightforward 
spectrophotometry and colorimetry, it has been used 
in research on the whiteness of surfaces (Cuerry, 
1952, [4]) and on a number of other special measure- 
ments. These include the spectral reflection of garden 
peas and their change in colour due to disease ; the 
spectral transmission at various points along a wedge 
interference filter; the spectral transmission of a 
filter such as a magenta filter, having a density as 
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high as 5.0 or 6.0 at some parts of the spectrum. In 
this case the freedom of the instrument fromstray hght 
is very important if the transmission is to be measured 
with useful accuracy in the part of the spectrum where 
the density is greatest. Measurements of high densi- 
ties are also best made in two stages by comparing the 
sample with a calibrated filter of intermediate density. 
Another unusual measurement carried out by Mr N.S. 
Kapany has been the spectral transmission of a long 
glass fibre of 1 mm or less in diameter, and 20 or 
30 cm in length. A further experiment has been the 
spectral analysis of the colours produced in polarisa- 
tion phenomena. Interference colours produced by 
metal oxide films on a metal surface have also been 
studied spectrophotometrically at various angles to the 
normal, as a method of investigating the thickness 
of the films. 

Work is also in progress by. Mr M. I. Nasser to 
test the C. I. E. standard observer data on metameric 
samples which show a discrepancy between their 
colour specifications and their visual appearance. 
This may be due to fluorescence and their colour is 
being measured using the instrument both as a spec- 
trophotometer and colorimeter, and with the speci- 
men illuminated as described above by the light as it 
emerges from the exit-slit of the instrument and also 
when a beam of white light is focused on the specimen 
and the illuminated surface acts as the source in front 
of the entrance slit. 

The use of the wider mirrors for spectrophotometry 
is not only of value for teaching, in showing how spec- 
tral transmission and reflection curves are to some 
extent smoothed out in abridged spectrophotometry, 
but when dark surfaces or small areas are under test, 
a broad waveband may be a legitimate method of 
increasing the amount of light on the specimen and 
permitting some spectral reflection measurements 
to be made that might otherwise be impossible. Broad 
mirrors may also be of value in measuring the polar 
reflection curves of dark surfaces or small areas of a 
surface, since the polar curve does not usually vary 
rapidly with wavelength, and spectral purity is then 
of secondary importance. 

Wavelength-by-wavelength spectrophotometry is 
naturally slower than continuous recording, but in 
many problems a comparatively small number of 
measurements which could be made, say, in 15 or 
20 minutes may be sufficient. Indeed, when small 
differences between patterns are being studied, 
enough information may sometimes be provided by 
readings taken at only two or three wavelengths and 
a non-recording instrument may actually be quicker 
tian when the whole curve has to be measured with 
a recording instrument. 

From the experience obtained to date with the 
instrument, it appears capable of giving results of 
high accuracy under very varied conditions; it is 
robust, reliable and convenient to handle and combi- 


nes satisfactorily the requirements of teaching and 
research. 
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Light absorption by the lens of the human eye 
By R. A. WEALE 
M. R. C. Group for Research in the Physiology of Vision, Institute of Ophthalmology, London. 

Summary. — 1. The spectral absorption of two fresh human lenses has been measured between 420 and 659 mu. 


2. The resulis are compared with other data relating to preretinal filters. 
3. It is concluded that valid retinal sensitivity curves for a particular eye cun be obtained only when the absorption 


characteristics of the preretinal media of that particular eye are known. 


SOMMATRE. — On a mesuré l’absorption spectrale de 2 cristallins humains entre 420 et 650 mu. 
Les résultats sont comparés aux données connues sur les filtres prérétiniens. La conclusion est que, pour un cil donné, on ne peut 
obtenir de courbes valables de la sensibilité rétinienne que si les caractéristiques de Vl absorption des milieux prérétiniens de cet 


eil sont connues. 


ZUSAMMENFASSUNG. — 1. Die spektrale Absorption zweier frischer menschlicher Augenlinsen wurde in dem Bereich zwischen 420 


und 650 mu gemessen. 


2. Die Ergebnisse werden mit anderen Angaben verglichen, die sich auf die Fillerwirkung der vor der Netzhaut gelegenen 


Elemente beziehen. 


3. Es lisst sich folgern, dass giiltige Empfindlichkeitskurven fiir die Netzhaut eines einzelnen Auges nur erhalten werden 
kdnnen, wenn man die charakteristische Absorption der vor der Netzhaut liegenden optischen Mitte! fiir dieses Auge kennt. 


In the past, interest in the light-absorbing proper- 
ties of the human ocular media has come mainly 
from clinical sources [3]. The limits of absorption in 
the ultra-violet and infra-red regions of the spectrum 
were determined qualitatively in numerous instances. 
But absorption spectra, being of no clinical importance, 
were rarely measured. All available evidence indicates 
that the absorption of light by the lens is not only 
more than the rest of the ocular media put together, 
but shows the greatest variation with wavelength. 

The yellow lens is thus a colour filter and conse- 
quently distorts the visual sensitivity measured for 
the intact eye. A knowledge of the spectral absorption 
characteristics of the human lens is therefore neces- 
sary if the retinal sensitivity is required. Lupvicu 
and McCartuy [6] published data for the spectral 
absorption characteristics of four whole enucleated 
human eyes, but did not publish their measurements 
of absorption of the individual components. That is 
why, when two enucleated human eyes were recently 
received here for another purpose [2], the offer of the 
lenses was readily accepted. 


METHOD 


Apparatus. — The apparatus uscd was the spectral 
reflectometer previously described (Weave [10]). 
The principal modification consisted in introducing a 


right-angled prism (1" face), which turned the conver- 
gent test-beam about a horizontal axis so that it poin- 
ted upwards. Irrigated with RinGer-Locke solution, 
the human lens was placed on a 60 8 Hrusy lens, 
lying on the horizontal prism face. The effect of the 
Hrusy lens was approximately to neutralize the re- 
fraction of the human lens. Thus the test beam con- 
verged toward a point as if the two Jenses were absent. 
A magnesium oxide surface was placed in a plane 
through this point at right angles to the beam : an 
image of the exit slit of the monochromator was for- 
med here. The measuring beam, similarly converging 
towards another magnesium oxide surface, passed 
through a calibrated neutral wedge. On reflexion at 
the two magnesium oxide surfaces, the two beams 
retraced their paths, and were juxtaposed. The light 
absorption of the lens combination could thus be mea- 
sured in terms of the neutral wedge settings after the 
intensities of the beams had been equated visually. 
The fact that the test beam traversed the lenses twice 
doubled the accuracy of the results. The light absorp- 
tion of the Hrusy lens was compensated by placing 
in the path of the measuring beam a plane blank of 
comparable thickness, cut from the same block of 
glass as the lens. Allowance was made for reflexion 
losses by assuming refractive indices n of 1.33 and 
1.5 for the Rrncer-Locke solution and glass respec- 
tively and applying FresNet’s formula for perpendi- 
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cular incidence of light R = am ) where # is the 
reflexion coefficient. To a first approximation, n is 
independent of the wavelength of light. The absorp- 
tion of the right-angled prism was determined when 
the human and Hrusy lenses had been removed. As 
the Hrusy lens refractive correction was not perfect, 
the magnesium oxide surface had to be moved through 
a small distance so as to make it lie in the new focal 
plane of the test beam : a correction allowing for the 
ensuing change in brightness of the slit-image on this 
surface was applied (WricurT [12] ). 


Procedure. — Since the two human eyes were to be 
used primarily for an investigation of the visual pig- 
ment system of the retinae, the operative procedure 
described below was carried out in the illumination 
of a photographic safety-light. While minimizing the 
bleaching of the photo-sensitive material, this deep- 
red light impeded manipulation to only a small 
extent. 

The eye was placed within half an hour after enu- 
cleation into a cylindrical holder which fitted it clo- 
sely. A hole of 0.75” diameter had been cut out of its 
face so that the cornea protruded. A piston made it 
possible to press the eye against the annulus. A lateral 
incision was made in the cornea with a GRAEFE 
knife near the corneo-scleral junction. The cornea 
was cut away with ophthalmic scissors. The lens was 
carefully extruded, washed in saline, and then placed 
on the Hrusy lens. The measurements started an 
hour after the enucleation in one case, and an hour 
and a half after, in the other. 

Of the wavelengths used (cf. fig. 1 and 2), alternate 
settings were made in ascending and descending the 
wavelength scale in order to detect any rapid tempo- 
ral changes in the absorption. In the case of lens n° 4 
(14th January, 1953), four complete series were made 
in the course of one and a half hours, in that of n° 2 
(23rd January, 1953), two during half an hour. A 
third series was taken immediately afterwards 
through a cloudy portion of the latter specimen. 

Both lenses were yellow, althought this colour seem- 
ed somewhat patchy and concentrated at the centre. 
Both had been taken from eyes enucleated because of 
the presence of a melanoma. N° 1 was intact, but n° 2 
had been invaded by the melanoma at one spot near 
the equator. N° 1 belonged to a 48 years old man, 
n° 2 to one who was 53. 


RESULTS 


The results, shown in figures 1 and 2 for the two 
lenses respectively, are plotted with the optical den- 
sity along the ordinate, and the wavelength along 
the abscissa ; the violet end of the spectrum is on the 
Jeft, the red on the right. The different symbols repre- 
sent different series taken at intervals of 415-20 mi- 
nutes ; the lines connect the mean values for each 
wavelength. The general trend of the results is the 
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Fic. 1 and 2. — Optical density of lens plotted 
against wavelength in mu. Violet end of spectrum on 
the left, red on the right. Order of series: Ist... @, 
2nd... DB, 3rd...@, 4th... oO. Lines connect the mean 
values of 1-4 in figure 1, of 1-2 in figure 2. Figure 1 
refers to a 48 years old lens, figure 2 to a 53 years old 
one. 


same in both cases : the absorption is marked at the 
shorter wavelengths, and this gives the lenses their 
yellow appearance when they are viewed in white 
light. There is an indication of an increase in density 
with time which is more pronounced at short than at 
long wavelengths. Moreover, as seen in figure 1, the 
fourth series shows a slight but systematic decrease 
at long wavelengths when it is compared with the 
third, although the deterioration continues at the short 
wavelengths. 


The third series in figure 2 gave values altogether 
higher at the longer wavelengths than did series 1 and 2. 
This was due to the general scattering of light in the 
less transparent portion of the lens and to the smal- 
ler specific absorption of the equatorial regions. 
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Comparison with other data. — Biicxiers [1] 
made the most extensive investigation of the absorp- 
tion characteristics of human lenses, which were 
mainly cataractous. He presented his data in spec- 
trograms produced with an iron are : unfortunately 
they make it impossible to say more than that all the 
specimens, including two foetal ones, absorbed more 
heavily at short than at long wavelengths. Fiscuer [4] 
provides some interesting quantitative data on nor- 
mal Jenses although he does not produce detailed 
absorption spectra either. In the first place, he states 
that, of the 250 cases which he examined in situ by a 
method described by Korppr, two showed a narrow 
absorption band at 4 = 530 mu. One occured in a nor- 
mal, the other in a myopic eye. He could not explain 
this finding. In the second place, he found that the 
absorption characteristics of the lens were, broadly 
speaking, independent of age between the limits of 
20-50 years. A similar finding was made by Hess 
[5], who was the first to measure the absorption 
of the lens subjectively, having calibrated an appro- 
priate photometer in terms of an aphakic eye. 

The absorption band at 530 my, as found by Fr- 
SCHER, 1s also seen in the data for lens n° 1. The density 
of this point lies some 0.04 log units above the gene- 
ral trend of the data in this region. The standard 
error of its mean, however, is + 0.0096. If it is recal- 
led that the density may have increased with time, and 
that the spread of the data may partly be due to this 
factor, the high significance of the deviation of this 
single point will be assured. The other shape irregulari- 
ties are probably due to experimental errors, although 
both initial series exhibit a rapid drop between 450 
and 460 mu. 

When the four series of n° 1 and the first two of 
n° 2 are averaged, a smooth set of data is obtained 
(fig. 3). In order to compare it with Lupvicn and 
McCartuy’s data [6], they have been interpolated 
where necessary and tabulated in Table 1. 


TABLE 1. 
> mu. Ds A muy, Dy 
420 .530 540 .199 
430 492 550 Sit 
440 430 560 .163 
450 .420 570 .160 
460 $8883 580 A iles7i 
470 .329 590 may, 
480 288 600 ahsy! 
490 . 270 610 .132 
500 247 620 silat) 
510 200 630 a PA 
520 . 220 640 11995) 
530 5 Pal} 650 12:2 


Lupvieu and McCarruy’s results represent the 
average for four whole eyes, whose average age was 
62 years : but the lens data used in their compilation 
of these results refer to lenses of 21 year old people 
The resultant curve is quite smooth, and lies above 
the present one. This is to be expected since the den- 
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Ira. 3, — Comparison between the averages of 
figures 1 and 2 (@) and LupvicH & McCartuy’s 
data for four whole human eyes (0). 


sity of the other ocular media will contribute to the 
overall result. It is interesting to note that the spec- 
tral variation of the lens data is closely comparable 
with that of the complete media. This is the case 
although the age difference between the two sets of 
lenses was about 30 years. 

By a curious coincidence, the data obtained for a 
‘‘ milky ”’ portion of the second specimen (fig. 2) are 
in close agreement with WaLp’s data [9] for 68 year 
old lenses. 


CONCLUSION 


The correlation of spectral sensitivity data, obtai- 
ned both by subjective and electrophysiological me- 
thods, with the absorption spectra of visual pigments 
presupposes a knowledge of the transmission charac- 
teristics of the ocular media. In the case of man such 
knowledge must be detailed. 

Numerous workers have found shape irregularities 
superimposed on the generally bell shaped photopic 
spectral sensitivity curves in man : the two possible 
ways of viewing them is to ascribe the indentations to 
specific prereceptoral absorption or the small peaks 
to spectrally restricted increases in sensitivity. Many 
of these sensitivity curves exhibit an indentation at 
530-540 my, and the absorption band shown in fi- 
gure 1 and reported also by Fiscner [4] could account 
for it very well indeed. The difficulty encountered 
here is this : some lenses do not yield an absorption 
band at 530 my. (cf. Fiscuer [4], and fig. 2). 

There may similarly be lenses which have narrow 
absorption bands in other spectral regions but have, so 
far, escaped detection. It follows that a correction for 
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Jens absorption in particular and preretinal absorption 
in general can be of limited value only. Miss Sa.o- 
MON [7], fully aware of this difficulty, has attempted 
to provide in situ measurements of the lens absorption. 
Too few experimental results were obtained to reach 
definite conclusions, but there were marked indivi- 
dual variations also in young persons. There is very 
little doubt that the only valid method of determi- 
ning preretinal absorption is an extension of the one 
used by Hess [5] : this involves the accurate measu- 
rement of the scotopic sensitivity for each observer 
and its subsequent comparison with the absorption 
spectrum of human visual purple, for which accurate 
data have now become available (CRESCITELLI and 
DARTNALL [2]). 

My thanks are due to Dr F. Crescitetii and Dr 
H. J. A. Darrnatt for kindly providing the two lenses. 


APPENDIX 


Wricurt [13] has determined the dominant wave- 
length of the lens by measuring his white point with 
an Ss source at the age of 22 and 38 respectively. The 
value found from his data by extrapolation to the 
spectrum locus is 576.4 mu. 

An independent estimate of this figure can be ob- 
tained from the lens data given in Table 1 when they 
are extrapolated to 400 and 750 my _ respectively. 
Thus if an Ss source is viewed through a filter having 
spectral characteristics equal to those of the extra- 
polated lens data and the chromaticities of both the 
unobstructed and filtered source are plotted on the 
chromaticity diagram for the new (x' y’ z') observer 
(cf. Tomson & Waraiaut, [8]), the dominant wave- 
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length is found to be 577.8 my. Since the just noti- 
ceable wavelength step Ad in this region is 1.5 my 
(cf. Wricnt, [13]), the difference between the obser- 
ved and calculated results is such as not to be detec- 
table by subjective measurements. 
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Lettre a l’Editeur 


Les espaces de Riemann en optique 


par G. ToraLpo pr FRANCIA 
Istituto Nazionale di Ottica, Arcetri-Firenze 


La considération des espaces de RirMANN en op- 
tique a été reprise récemment grace aux applications 
possibles dans le domaine des microondes. 

Le point de départ est le principe de Frrmar. 


8 | n(P) ds = 0 dans un milieu of l’indice de réfrac- 


tion est une fonction continue du point P. On considére 
alors un espace de Riemann ayant I’élément de lon- 
gueur ds; donné par dsr = n ds; cet espace qui cor- 
respond point par point a l’espace euclidien physique, 
est nommé l’espace de Fermar associé avec la distri- 
bution d’indice donnée. Les rayons lumineux de l’es- 
pace physique correspondent alors aux géodésiques de 
espace de Fermar. On peut utiliser les propriétés des 


géodésiques, qui sont étudiées en géométrie différen- 
tielle, pour en déduire des propriétés des rayons. 

La signification des espaces de Fermar est plus pro- 
fonde qu’on ne le croit au premier abord. Par exemple 
il a 6té démontré par E. Borrororrr [1] et ensuite, 
de fagon plus générale, par R. K. Lunesere [2] que 
les vecteurs électromagnétiques E et H se déplacant le 
long dune géodésique de espace de FERMAtT restent 
toujours paralléles 4 cux-mémes au sens de Levi Cr- 
VITA. 

La distribution d’indice de réfraction connue sous le 
nom d’ceil de poisson de Maxwe i [3] représente un 
instrument parfait ; tous les rayons qui sortent d’un 
point vont se rencontrer en un autre point. Cette pro- 
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priété s’explique tres facilement si on remarque que 
Pespace de Fermar correspondant est un espace a 
courbure constante positive. En deux dimensions il 
s’agirait donc d’une sphere et la dite propriété est évi- 
dente. L’auteur [4] a étudié aussi les espaces de FEer- 
MAT a courbure constante négative, dont acoustique 
sous-marine présente un remarquable exemple. 


Un autre type @instrument parfait a été trouvé par 
Luneserc. La distribution d’indice A symétrie sphé- 


rique é6tant donnée par n = \/2 —r? pourr < 1 et 
par n = 1 pourr > 1. De chaque point de la sphére 
r = 1 linstrument donne une image parfaite a Vinfini. 


Ces considérations qui, jusqu’a présent, n’ont pas 
été utilisées dans Voptique pratique ont donné lieu 
récemment a de tres intéressantes applications dans le 
domaine des microondes. On sait que l’on peut former 
un guide d’onde au moyen de deux surfaces métal- 
liques paralléles. Or, si la distance entre les deux sur- 
faces est suffisamment petite, on peut considérer la 
propagation comme ayant lieu le long de la surface 
moyenne. I] s’agit done d’une propagation dans une 
variété d’espace de RrEMANN a deux dimensions. Si 
les rayons de courbure de la surface sont grands par 
rapport a la longueur d’onde, ’approximation de l’op- 
tique géométrique est valable et les rayons lumineux 
sont des géodésiques de la surface. 


On a particulierement étudié les surfaces de révolu- 
tion qui se prétent bien a l’application du « scanning » 
rapide. On cherche a obtenir des surfaces qui donnent 
lieu a un faisceau de lumieére paralléele tournant lorsque 
la source se déplace le long d’un paralléle donné. 


La premiere réalisation dans ce sens est représentée 
par « labat-jour » de la Radio Corporation Association 
(R. C. A.) [5]. Il s’agit d’un tronc de céne de 60° 
d’ouverture ; la source ponctuelle se promene le long 
de la circonférence de la base supérieure et les rayons, 
apres avoir traversé cette base, sortent paralleles sur 
la surface conique. On peut démontrer qu’aucune 
autre surface de révolution, composée de deux sur- 
faces développables, ne peut présenter la méme pro- 
priéte. 

Une autre surface intéressante a été déterminée par 
R. F. Rinenarrt [6]. Il a considéré un disque plan 
diélectrique ayant la méme distribution d’indice de ré- 
fraction que la lentille de LunEBeERG et la surface de 
révolution qui a la méme métrique que l’espace de 
FEeRMAT correspondant au disque. La zone marginale 
de cette surface est paralléle a axe de rotation ; il 
faut lui ajouter une sorte de jupe conique de 180° 
d’ouverture c’est-a-dire une couche plane d’ot les 
rayons sortent paralléles [7]. 


L’auteur a trouvé une généralisation des surfaces 
mentionnées [8]. La distribution d’indice de réfrac- 
tion dans le disque diélectrique correspondant est 
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2a—2 =i 


donné par la relation : r2? = 2n*~* —n oua> 0; 
pour a@ = 1 nous avons l’ceil de poisson de MAxweLu 
pour a = 2 la lentille de LUNEBERG, pour a = © le 
disque diélectrique correspondant a celui de l’abat- 
jour de la R. C. A. (n = constante). Une valeur quel- 
conque de a dans lintervalle0 < a< @nous donne 
un disque ayant la propriété suivante : tous les rayons 
qui sortent d’une source ponctuelle placée sur la cir- 
conférence du disque rencontrent une deuxiéme fois 
la circonférence avec un angle d’incidence qui est pro- 
portionnel a Pare de circonférence. La surface de révo- 
lution qui correspond au disque a alors la propriété 
de rendre les rayons paralléles a partir d’une nappe 
conique d’ouverture convenable. 

Enfin auteur a donné une autre contribution a la 
technique du « scanning » rapide. Les chercheurs qui 
se sont occupés de ce sujet ont étudié surtout des ins- 
truments « parfaits » ou du moins parfaitement stig- 
matiques. Or Poptique appliquée nous enseigne que 
cette condition tres restrictive n’est pas nécessaire en 
général. Un instrument peut étre excellent sans étre 
parfait au sens mathématique, pourvu que ses aberra- 
tions soient petites par rapport aux tolérances. En 
suivant cette idée auteur a trouvé un dispositif tres 
simple qui donne une collimation pratiquement par- 
faite. 

L’instrument est formé par une surface cylindrique 
circulaire de rayon r terminée par une base plane. La 
surface cylindrique est remplie d’un diélectrique d’in- 
dice de réfraction n constant, tandis que le cercle de 
base est vide. La source se proméne le long d’une cir- 
conférence de la surface cylindrique restant toujours 
a la distance a de la base. Les rayons sortent paral- 
léles (au sens de Gauss) sur le disque de base pourvu 
que la relation a = nr soit satisfaite. En outre, laber- 


ration du troisiéme ordre est nulle sin = V 3. Si, dans 
cette condition, on calcule aberration vraie, on trouve 
quwelle est pratiquement nulle jusqu’a une ouverture 
trés grande (60° environ). On peut améliorer encore le 
systeme en lui laissant une aberration du troisiéme 
ordre de signe opposé a celui de aberration d’ordre 
supérieur, 
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(VA COMMISSION INTERNATIONALE D’OPTIQUE 


Comptes rendus de la 3° Réunion 
de la Commission Internationale d’Optique 


(20-21 avril 1953, Madrid) 


1. Les délégués officiels suivants étaient presents 
(les noms des Présidents sont composés en caracteres 
gras). 

Belgique. S. Arend, A. Brior. 

Espagne. J. A. Artigas, L. Puaza, Vicon 
membre du Bureau de la C. I. 0). 

Etats-Unis d’Amérique. 8S. S. BaLiarp, I. GARDNER, 
D. B. Judd. 

France. A. ArNULF, P. Fleury, M. PAUL. 

Grande-Bretagne. W. 8S. Stires, W. D. Wright, C. 
G. WYNNE. 

Hollande. J. C. B. Misset, A. C.S. Van Heel. 

Suede. E. Ingelstam. 

HOWE AN eS RS Winn Giy 

Les délégués suivants n’ont pu assister a la réunion : 
H. Konig, L. C. Martin, N. F. Mort, E. Perucca. 


Les membres des Comités Nationaux, dont les noms 
suivent, étaient présents comme auditeurs : P. JImENEz- 
Lanpi, A. Martcuat, V. Roncui, G. TorALpo DI 
FRANCIA. 

Le Président évoque la mémoire de JEAN CoJAN, ancien 
délégué francais, qui fut si actif dans les précédentes 
réunions de la C. I. O. et qui mourut en octobre dernier. 
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2. Adhésion de nouveaux pays. — L’adhésion de l Al- 
lemagne et du Japon a la C. 1. O. est proposée par le 
Bureau de la C. I. O. et les délégués donnent leur accord 
a Punanimité. La bienvenue est souhaitée aux délégués 
de ces deux pays: 

Allemagne: G. Franke, A. Kuhl. 

Japon : H. Kubota. 


3. Publication des Décisions. — I] est décidé de ne 
publier aucune des décisions votées au cours de ces réu- 
nions, dans le cas ot les délégués de deux ou plusieurs 
pays exprimeraient un doute quant a leur acceptation 
par leur Comité National respectif, et ce pendant un délai 
de six mois afin de permettre aux Comités Nationaux 
d’exprimer leur opinion. Si une majorité de Comités 
Nationaux est opposée a une décision, celle-ci sera reje- 
lees 


4. Rapport du Secrétaire. — M. Fuieury rappelle les 
relations existant entre la C.1.0., VPIL.U.P.A.P,, 
Pi-cys. U. et U.N. E.S.G..0., particiligrement au 
point de vue de la transmission des fonds provenant 
d’une organisation a l’autre. L’U. N. B.S. C. O. a réduit 
le montant de ses subventions et, si ’activité de la C. I. O. 
doit étre maintenue au niveau actuel, les Comités Natio- 
naux doivent augmenter leur contribution. 

Les réunions suivantes et les colloques de la C. 1. O 
depuis sa fondation sont rappelés par le Secrétaire : 


Réunion 
Date Lieu la C. 1. O. Colloques 
1947 Prague 
1948 Delft Te 
41950 Londres Ile 
1951 Paris Contraste de Phase 
‘Gla Milan Optique et Micro-ondes 
1953 Madrid IiTe Vision 


Les Comités Nationaux fournirent pour ces activités 
$ 3600; PU.N.E.8.C.0O., par Vintermédiaire de 
PIL, We WP Ne 12, 83 O20) OOO BLS DS NO. 

Mr FLeury rappelle les taches du secrétaire : en accord 
avec le Président, maintenir le contact avec les Comités 
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Nationaux, obtenir leur collaboration, préparer les col- 
loques, et publier les bulletins d’information. En dernier 
lieu, Mr Fieury annonce son intention de se retirer. 
Cette décision est acceptée avec regret. 

Mr Van Hee précise que Mr Fieury continuera a Co- 
opérer avec le Bureau de la C. I. O. comme Secretaire 
Général de VI. U. P. A. P. et que selon les statuts il 
restera un des délégués de cette Union a la C. I. O. 

5. Rapport financier. — Mr Frevury explique que le 
trésorier (AnNULF) n’a a gérer que les fonds provenant des 
Comités Nationaux d’Optique. Il donne l’apercgu suivant 
sur ces fonds exprimés en dollars U.S. A. : 


Au 34 décembre 1950 em caisse............ 1158 
WACUle oo oD ac oo kono 0 965 
GePense aes yeroe renee 364 
Au sdeoctobre £951" en calsses jue 79 
TO CW. cise ecemuteeriere 820 
depens@y. case ee 605 
AW 34 octobre 4952) enicalsse sme arene 1974 


Mr A. Arnutr distribue des exemplaires du rapport 
indiquant le détail des dépenses. Ces détails, avec ceux 
des cotisations des Comités Nationaux sont donnés en 
Annexe I. 


6. Conventions et symboles en Optique. — Mr MAnrs- 
CHAL présente un rapport sur les Conventions et symboles 
en optique : chaque point est discuté et soumis a un vote ; 
un résumé des décisions acquises est joint en annexe II. 
Ces décisions seront considérées comme définitives dans 
six mois si aucune objection n’est regue des Comités 
Nationaux. 


7. L’avenir de la C. I.O. — Une discussion générale 
sur l’activité future de la C. I. O. (Van HEEL, FLEuRY, 
BALLARD, WRIGHT, JUDD) aboutit aux décisions suivantes : 

a) maintenir un solide lien entre les chercheurs opti- 
ciens de tous les pays ; 

b) maintenir des contacts avec les physiciens par 
PEW 1 A 2 

c) favoriser les journaux régionaux d’optique lorsque 
cela est nécessaire (Optica Acta) ; 

d) maintenir des contacts internationaux de personne 
a personne ; 

e) favoriser ’échange de conférenciers, de chercheurs, 
de techniciens, d’étudiants et d’informations ; 

f) recommander des normes internationales en Opti- 
que ; 

g) stimuler la recherche optique. 

Cette discussion améne aussi les critiques suivantes 
sur les activités passées de la C. I. O.: 


a) Certains rapports antérieurs 4 1950 étaient suscités 
artificiellement ; 

b) jusqu’en 1950, les rapports présentés a une session 
étaient trop nombreux ; 

ec) Vaide des Gouvernements et de I’Industrie fut 
minime ; 

d) certains délégués ne sont pas toujours spécialistes 
des questions traitées lors des sessions; 

e) les Comités Nationaux ont souvent négligé d’agir 
lorsque cela leur était demandé. 


I] est convenu unanimement que la C..I. O. doit per- 
sévérer dans son effort. 

Une discussion ultérieure sur les activités futures de 
la C.1.O. (Toratpo, Fieury, Brot, GARDNER, AR- 
NULF, Kun, INGeLstam, MARECHAL, ARTIGAS, OTERO, 
Van Heex, BaLtarp, Wricut) aboutit aux suggestions 
suivantes, bien qu’aucune décision formelle ne soit 
prise : 

1) il devrait y avoir seulement un exposé par réunion 
pour permettre une discussion suffisante (un ou deux 
jours, si besoin est) ; 


2) la G. I. O. devrait entreprendre la préparation d’un 
vocabulaire international ; 
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3) les colloques devraient traiter des mémes sujets 
que les exposés présentés a cette réunion lorsque cela 
sera opportun, bien que certaines questions soient des- 
tinées seulement a l’un ou Aa l'autre ; 

4) les rapports devraient étre soumis aux Comités 
Nationaux avant la réunion et ces Comités Nationaux 
devraient donner leur accord ou indiquer leur objection 
avant la réunion ; 

5) la C. 1.0. devrait encourager la préparation de 
resumés sur différentes questions optiques pour en faci- 
liter Penseignement ; 

6) des rapports sur les développements récents en 
optique dans chaque pays devraient étre préparés par 
les Comités Nationaux correspondants. 

Mr J. A. Articas accepte d’étre président du Comité 
qui doit préparer un vocabulaire international, compre- 
nant les symboles et les définitions. Mr G. Toraxpo offre 
comme base de travail un vocabulaire italien récent. 

7) Les sujets suivants sont suggérés pour des Collo- 
ques : 

a) contraste et photographie ; 

b) €quipement optique pour la spectroscopie (peut- 
étre a Lund, juin 1954) ; 

c) instruments optiques pour infrarouge 
a Parme, 1954) ; 

d) problemes optiques en télévision ; 

e) optique tridimensionnelle (Suéde, 1956 ou U.S. A. 
1956) ; 

f) enseignement de loptique. 

Mr E. INGELstTAm indique qu’il est prévu d’étudier a 
la reunion de Lund les résultats spectroscopiques (ato- 
miques) plutdt que linstrumentation. 

Mr P. Fieury donne des détails sur les propositions 
regues des Comités Nationaux. 

Il est convenu de laisser au Bureau de la C. I. O. le 
soin de choisir le sujet, le lieu et l’époque des prochains 
colloques. I] est aussi convenu de confier le sujet « En- 
seignement de lOptique» a un Comité de la G.I. 0O., 
au lieu de le traiter dans un Colloque. Les différents 
Instituts d’Optique et autres organisations semblables 
sont invités 4 fournir tous renseignements utiles sur ce 
sujet 4 Institut d’Optique de Paris. 


8. Optica Acta. — MrVAwn HEEL propose une discussion 
préliminaire sur Optica Acta; il rappelle que le premier 
essai de placer Optica Acta sous le contréle du Bureau 
de la C. I. O. a été abandonné. Or Optica Acta doit débuter 
sans retard, sinon d’autres journaux d’optique pourront 
se développer, et le journal européen deviendrait impos- 
sible. Le Bureau de la.C. I. O. a pris en considération 
différentes maisons d’éditions pour entreprendre la 
publication d’Optica Acta (Hirzel, Journal de la Recher- 
che Scientifique et appliquée en Hollande, les Editions 
de la Revue d’Optique). Cette derniére fut choisie en raison 
de son expérience en matiéres de publications de mémoires 
d’optique et de la commodité du voisinage d’un des rédac- 
teurs (Les prix indiqués par ces trois maisons d’editions 
sont A peu prés les mémes). Le Bureau de la C. I. O. pre- 
voit que les différents journaux nationaux d’optique per- 
dront leur caractére semi-international actuel pour deve- 
nir des périodiques d’intérét local ou bien cesseront de 
paraitre. La Reeue d’Optique accepterait que Optica Acta 
ait le premier choix des articles sur les recherches optiques 
si une coopération semblable était acceptée par les autres 
journaux nationaux. 

MM. Marécuat, WyNNE et FRANKE ont accepté d’étre 
rédacteurs, et devront soumettre chaque article a un 
expert compétent. Un Comité de direction donnera son 
appui moral et ses conseils. I] sera demandé aux opticiens 
américains que l’un d’eux fasse partie de ce Comité. 

Le prix prévu est de $ 10,00 pour 192 pages format du 
Journal of the optical Society of America. On a demande a 
l American Institute of Physics de réunir les souscriptions 


américaines. 
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Mr Mare&cuat souligne que les articles seront publiés 
en Pune des trois langues (anglais, frangais, allemand), 
avec sommaire dans les trois langues. Les trois rédacteurs 
sont arrivés 4 un accord sur le fonctionnement du travail 
de rédaction, y compris le choix des experts. 

Mr Wywne déclare ensuite que les rédacteurs ont, a 
leur grande surprise, trouvé facile de collaborer. Seuls 
quelques-uns des articles d’optique écrits en Europe 
pourront étre insérés dans Optica Acta; aussi n’est-il 
pas du tout certain que les journaux nationaux devront 
cesser de paraitre. 

Mr Baxiarp signale quwil avait été convenu a Delft que 
la C. 1. O. morganiserait pas de publication pour les 
articles @optique et a Londres, que le Bureau de la C.I.O. 
étudierait comment un Journal Européen d’optique 
pourrait étre suscité. Puis parut le 1¢™ numéro d’Optica 
Acta, et il sembla aux Américains que le Bureau de la 
Cc. 1.0. avait dépassé ses pouvoirs. 

Mr Van Heext admet que, dans son enthousiasme, le 
Bureau a été au dela de sa mission, il prendra soin a 
Pavenir de ne pas agir ainsi. 

Mr Biot demande comment peut intervenir la C. I. O. 
dans Optica Acta. Mr FLeury répond que les Comités 
Nationaux d’Optique peuvent en tant que tels colla- 
borer 4 une ceuvre étrangére a la C. I. O. Mr Van Hee 
dit que la C.J. O. ne peut avoir aucune responsabilité 
financiére pour Optica Acta mais peut, naturellement, 
donner un appui moral. Des personnes privées apparte- 
nant a la C. I. O. peuvent aussi contribuer a la création 
d Optica Acta. 

Mr Jupp propose que les Organisations EKuropéennes 
qui ont maintenant désigné des délégués a la C. I. O., 
nomment aussi les successeurs des membres actuels du 
Comité Directeur de sorte que celui-ci ne se renouvelle 
pas par cooptation. Aprés quelques discussions et contre- 
propositions. Mr Orero propose que le Comité Direc- 
teur actuel d’Optica Acta reste trois années en fonctions 
et quwun mécanisme démocratique pour son renouvelle- 
ment soit établi pendant ce temps. Cette décision est 
acceptée a VPunanimite. 

La question de savoir si le Comité directeur sera sim- 
plement une liste de personnalités favorables 4 Optica 
Acta ou devra avoir un controle effectif sur Optica Acta 
est mise aux voix. Tous (sauf Van Heex) pensent que le 
Comité de Direction doit étre responsable d’Optica 
Acta et non simplement décoratif. 

9. Prochaine réunion de la C.I.O. — Mr Van HEEL 
demande que soit envisagée maintenant la prochaine 
réunion de la C. I. O., les discussions devant permettre 
au Bureau de décider ultérieurement. Mr GARDNER pro- 
pose que la réunion de 1956 se tienne aux U.S. A. en 
méme temps qu’un Colloque sur ’Optique tridimension- 
nelle. Mr Fieury suggeére Paris, pour le cas ot: la propo- 
sition américaine rencontrerait quelques difficultés, et 
si aucune autre proposition n’était soumise. Mr Wricurt 
indique les difficultés des Européens pour obtenir les 
subventions nécessaires a un voyage aux U.S. A.; 
Mr Jupp estime que l’intérét commercial de ce colloque 
sera considérable et que l’on pourrait ainsi obtenir des 
fonds. Mr Van Hert demande si le Congres laisse au 
Bureau de la C. I. O. le soin d’en décider. Accord général. 

10. Finances. — Mr Fuieury indique que la contribu- 
tion d’un pays 4 la C. I. O. est le produit C = k U ouk 
est fixé pour chaque pays par lJ. U. P. A. P. et U est 
déterminé par la C.1. O. Il est envisagé qu’en 1954 
VI. U. P. A. P. révise le facteur k ; cette révision ‘prendra 
effet en 1955. La C. I. O. doit alors décider de la valeur 
de U. Puisque les fonds alloués par U.N. E. 8. C. O. 
par Vintermédiaire de PI. U. P. A. P., sont en baisse, 
nous devons penser a augmenter les cotisations des Comi- 
tés Nationaux. Dans la révision envisagée, les U.S. A. 
et la Grande-Bretagne auront un coefficient & plus 
élevé, d’autres le méme ou d’autres un plus petit (la 
Grande-Bretagne peut avoir sa cotisation augmentée de 
$8 x 20 = 160 jusqu’a 10 X 50 = 500). 
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A la demande des délégués, Mr Freury donne le relevé 
suivant des subventions de l’U. N. E. 8. Cc. O.a VI. U. P. 


INGER 
Subventions Subventions 
recues de l’U.N.E.S.C.O. ulilisées pour la C.1.0. 
par UiLUEP TAS: par l UP ZACP: 
NOVAS. sasaagan le SOW Sy Mia 
IGYAS) oo bonoe ihe OOO 2 280 
NEN coocea oo ite) 0s0) 2 340 
(ESSA Vestorenncpepc ois 7 938 3) AONE 
NOVY os onoe abil ot) 1 800 
1953 9 500 2 750 


(+ 10 000 pour la réunion de Tokio, subvention speciale). 


Mr BaLiarp dit que chacun désire que les activités de 
la C. I. O. continuent sans diminution, mais espére que 
les cotisations augmenteront grace a un facteur multi- 
plicateur, plutot que suivant une loi exponentielie. 

Mr FLeury pense que nous devons établir notre budget 
en attendant que la révision envyisagée soit adoptée par 
VPI. U. P. A. P. Nous n’avons pas a prendre de décision 
avant 1955. mais aurons alors a considérer un passage de 
20 a 50 $ par part unitaire. 


11. Election du Bureau. — Sont proposés et élus a 
VPunanimite : 
IN (Ge SWART ABBE oo Président 
So en LEV URIY Soa en ac | 
E. INGELSTAM ........ )} Vice-Présidents 
poe Mee Orn store cis ee \ 
WY, 1D, MARINER C666 5e Secrétaire. 
IAC ACRINGUMNE aly el cents ire Trésorier. 
12. Dessin des instruments @optique. — Mr JImENEz- 


Lanpiindique que son rapport est incomplet, ? Allemagne 
seule ayant répondu a son questionnaire. D’une discus- 
sion entre MMrs Wricut, Arnutr et Toratpo résulte 
un accord pour que le titre du questionnaire devienne 
« Etude des méthodes employées en pratique pour la 
préparation des dessins dappareils d’optique ». 


13. Sources de lumiere. — Mr Misseu présente son rap- 
port et demande aux Comités Nationaux de répondre 
aux questions suivantes : 


1°) Quelles sont les différentes données qui devraient 
étre fournies par les fabricants de sources de lumiére ? 
2°) Quelles sont vos réactions au sujet de ce rapport ? 


Mr MisseLt remarque que les filtres Polaroids ont été 
traités par Ballard dans lune de ses communications au 
Colloque. Il demande aussi si la bibliographie déja parue 
dans les proces-verbaux de la C. I. E. doit étre redonnée. 


I] est décidé de completer cette bibliographie jusqu’a la 
date actuelle, sans répétition des informations anté- 
rieures. 


14. Conditions normalisées pour des expériences en 
Optique phystologique. — Mr BaLLarp présente une cri- 
tique du rapport établi a la réunion de 1950. Un sous- 
comité (BLACKWELL, Crozier, Fry, GRAHAM, O’Brien) 
est d’avis que des conditions normalisées sont inutiles 
et impraticables. mais souhaite que la photométrie aux 
faibles luminances soit basée sur l’emploi de l’échelle 
photomeétrique photopique. 

Mr Stites répond que le Comité initial de la C. I. O. 
pourra sans doute etre d’accord sur certains points de 
cette critique, et ajoute que MMrs Orerro, Arnutr et 
ae poe nont ce projet et en référeront au Bureau de 
ais LO; 


15. Unités de luminance. — MMrs Fieury et Orrro 
proposent que ’emploi de la candela par métre carré 
(nit) soit encouragé et que les auteurs qui emploient 
d’autres unités donnent aussi l’équivalent en nits. 

Le texte exact, lu a la réunion, est le suivant : 

«La C. I. O. constate que ’emploi des différentes unités 


. a 
REUNION DE LA COMMISSION INTERNATIONALE D OPTIQUE 


[ Orr. ACTA 


de luminance est une source de difficultés dans la comparai- 
son des résultats de différents chercheurs. Elle recom- 
mande que les valeurs des luminances en unites GrorGl 
(cd/m? = nit) soient données, méme si une autre unité est 
employée ». 

Pas d’objection. Cette proposition est ici soumise aux 
différents Comités Nationaux pour une action formelle. 


16. Prévisions budgétaires. — MM. Wricut, FLeuRY 
et Van Heex proposent le budget suivant : 
Somme en § U.S.A. 


Bureauet SeCLeLarlatescn cumin eters 500 

20 exemplaires de Optica Acta pour les 
Gomipesm Nalblon anes sesser area crater 200 
VOVAGCSi cas sac ane Certara nee 500 
Totalitales canoe ee aoe 1 200 


Ce budget est approuvé pour guider le Bureau de la 
C. I. O., mais les sommes disponibles seront fonction des 
décisions de I. U. P. A. P. au sujet des cotisations regues 
des Comités Nationaux. Le Bureau de la C. I. O. est auto- 
risé aA dépenser toute part des fonds disponibles qu’il 
jugera nécessaire. 

17. Source possible pour étalonner les longueurs d’ondes. 
— Mr Franke montre une lampe a mercure disponible 
commercialement depuis peu, et propose que les raies du 
cadmium F’(4 800 A) et A’ (6438 A) puissent servir 
comme longueurs d’onde étalons plutot que les raies de 
l’Hydrogéne F (4 861 A) et C (6 563 A). 


18. Décisions pour Optica Acta. — Mr Jupp lit un 
mémoire préparé par la délégation américaine au sujet 
d’Optica Acta. et propose que la C. I. O. emploie un peu 
de ses ressources pour assurer un bon départ a Optica 
Acta. 


MM. Van HeEeEv et Fieury expriment leur satisfac- 
tion du caractere constructif de ce document. Mr In- 
GELSTAM propose a la C. I. O. un moyen pour aider Optica 
Acta: payer Optica Acta pour imprimer le titre des arti- 
cles d’optique parus dans les Journaux européens non 
spécialisés dans Voptique. 

Mr FLeury signale incidemment que jusqu’a mainte- 
nant les « Editions de la Revue d’Optique » n’ont jamais 
distribué aucun bénéfice. Mr Wynne indique que les 
Editions de la Revue d’Optique doivent se charger com- 
pléetement des finances d’Optica Acta, mais que le Comité 
de Direction aura a contréler la bonne politique de lédi- 
tion. 

Mr Van HEEL propose que le Comité de Direction et le 
Bureau de la C. 1. O. préparent conjointement un méca- 
nisme de renouvellement des tnembres du Comité de 
Direction d’Optica Acta. Pas d’objection. Sur la proposi- 
tion de Mr Van Heex, Mr Frevury est désigné comme 
membre supplémentaire du Comité directeur. 


Mr StTILEs propose que la discussion sur l’établisse- 
ment eventuel dune Société d’Optique Européenne soit 
renvoyée a année prochaine. 


Mr Van Heet dit qu’il est prévu actuellement de ne 
pas publier d’extraits analytiques dans Optica Acta. 
I] demande si le nom Journal européen occidental d’opti- 
que ne devrait pas étre changé en Journal européen 
d’optique. La suppression du mot occidental est ac- 
ceptée. 

Mr Jupp, soutenu par Mr Wynne. demande que la 
C. I. O, exprime le désir que la direction de l’édition 
d’Optica Acta soit entiérement prise en charge par le 
Comité de Direction d’Opt’ca Acta. Accepté 4 Punanimiteé. 

Mr Frrury demande que le Comité de Direction élise 


un Président, qui conclura un accord écrit avec les Edi- 
tions de la Revue d’Optique. 


Mr Stites remarque que le Comité de Direction devrait 
se reunir occasionnellement, mais pourrait traiter la 
plupart de ses affaires par correspondance. Mr Wricut 
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demande une réunion dans un avenir proche du Comité 
Directeur et propose que la plupart de ses membres 
paient leur propre voyage. 

Mr Freury déclare que tant qu’un président du Comité 
Directeur ne sera pas désigné, rien n’avancera. Mr Jupp 
remarque que la nomination du Président du Comité 
directeur ne regarde pas la C. I. O. Le Comité Directeur 
devra élire son propre bureau. 

Mr INGELSTAm pense que le Comité Directeur devrait 
entrer en fonction immédiatement et demande (soutenu 
par Mr Wynne) que la C. I. O. paie Optica Acta jusqu’a 
concurrence de § 500 pour imprimer les titres des articles 
d’optique parus dans des journaux non spécialisés en 
optique, pourvu que soit obtenu a ce sujet a la fois Pac- 
cord du Comité de Direction d’Optica Acta et du Bureau 
de la C. I. O. 

MM. Wynne et Piazza estiment que le Bureau de la 
C. 1. O. ne pourra probablement pas approuver ce plan 
a cause des journaux d’extraits déja existants dans les- 
quels on peut trouver ces informations et bien davantage. 

Le nom du Comité appele différemment dans les minu- 
tes: (en anglais) Board of Directors, ou Advisory Board, 
est discuté, et il est convenu que le nom sera: 


Comité de Direction - Board of Control - Kuratorium 


Mr TorALpDo propose que le document américain soit 
joint aux proces-verbaux (approbation). Ce texte est 
done publié en Annexe III. 

Mr Jupp demande (soutenu par Mr WrrcutT) que la 
C. I. O. exprime son accord sur les plans de publication 
d’Optica Acta soumis par son Bureau, et donne comme 
instructions que ce plan soit mis immédiatement en ac- 
tion. Ceci est approuve. 


19. — Mr Van HEE. remercie MM. Frievury, L. C. 
Martin et Mme Berceron de leurs services passés et 
propose d’envoyer une lettre de remerciements 4 Mr Mar- 
TIN, absent Mrs Martin étant malade (approbation). 
Mr Van Heexz alors remercie Mr Piaza et laSrra VIGon 
pour leur grande contribution au succés du Congres de la 
C. 1. O. et du Colloque et déclare la réunion terminée. 


ANNEXE I 

A. — Relevé des Comptes de la Commission internationale 
d’Optique (au 31 octobre 1952) 

(Sommes en § U.S.A. 

I 


Recettes Dépenses Avoirs 


Au 31 décembre 1950: 


(voir U. I. P. 4., page 17) 1 158 
Période jangvier-octobre 1951 : 
CONGBUNOING [OBR A5 on one4 ooo 965 
Dépenses : 
a) matériel de bureau, im- 
(QIANGINESE — dia 6 pt oO oe 162 
b) personnel, secrétariat .. 133 - 364 
Ccomptalorlites ee  -rren 7 17 | 
d) frais de voyages ......- 52 
Période novembre 1951-octobre 1952 : 
CONE UMIONS (SSR ooo hooenducu' 820 
Dépenses : 
a) matériel, imprimés..... eal 
)) SOORAIBWEN, coo obooucHee 196 605 
e\ecomp tabitems 22 
d) frais de yoyages ....... 216 oy 
WGURIIDS & SS opens codleioey oes sh geisha, 4Xoe) 
Excédent des recettes sur les dé- 
WAISOS soos t0 occ ne Como mag um OC - 816 
1974 


Avoir au 31 octobre 1952 ........ 
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B. — Cotisations C.1.0. (au 20 avril 1953), 


Sommes en ¢ U.S.A. 


1950 1901 A952 1953 

lO MACRO ains wise ote es 160 
BX PHGINO) scrote cede gee or a0 40 40 
TUS ACCT rey tare peor st Saas 160 160 
LEMS LURES 8s otyed suo bo ale wc 160 160 160 
Grande-Bretagne........... 160 160 160 
ESranCern ahead et aceeeee 160 160 160 
Ttaliotes > BAe <s-coh ee ene 160 160 
avis Bas ented ch ec ak eerie 40 840 
ROloomey stern. be eee 
SUCG Gr. cen ae, cee ne 40 40 40 
SUISS CSeqtertn, 008) ese era 20 20 20 
Tehecoslova Gute wacom eres 60 60 60 

VOPAUXY canker 1000 840 760 

N. B. — Les cotisations sont souvent versées en retard, — 


ce qui explique les différences avec les sommes effective- 
ment recues chaque année. 


ANNEXE II 


Discussion du rapport SO. 53-1 
concernant les Conventions et Symboles en Optique. 


Le rapport SO. 53-1 a été soumis a la Commission pour 
examen. Beaucoup de délégués ont déclaré quwil était 
encore difficile de prendre des décisions en matiére de 
conventions et notations ; néanmoins un certain nombre 
de points ont pu étre discutés utilement et les modifica- 
tions ci-dessous ont été proposées. 

Le rapport ainsi modifié pourra servir de base a des 
discussions au sein de chaque comité national, afin de lui 
permettre de faire connaitre ses suggestions dans un délai 
aussi rapide que possible. 


A. Conventions générales. 


A. 4. Axe du systéme optique: axe des 2 ou des z. 

A. 5. Angles: lopinion générale est en faveur des 
lettres grecques. 

A. 7. Indice de réfraction: n doit étre recommandé 
(opinion d’une large majorité), u pourrait designer le 
rapport de deux indices. 


B. Ponts. 


B. 1. Sommets (pdles) d’un dioptre ou miroir : Sou V. 
Bad. Rombtmodals aN, ou 
C. Sugnes. 
. oe a ., ) aucun accord ne 
= : pone positif sur Ow (ou Oz) (arate possible ac- 
ee, tuellement. 
D. Longueurs. 
D. 1. Rayon de courbure: r = SC ou VC. 
D. 2. Longueur focale objet: HF = f 


D. 3. Longueur focale image: H’F’ = f’ 


(les deux derniers points sont adopteés a une large majorité). 
D. 4. Distance entre deux sommets de surfaces succes- 
sifs: e, d out. 
D. 6. D. 7. A éliminer de la discussion. 
D. 9. Déformation de la surface d’onde (écart normal) 
o (recommandé de préférence). 
BE. Inverses de longueurs. 


Ey. 14. Courbure. 1/r = R ou e. 
1D), B, IB, Bi, Bo Go AV elioowinere 
E. 4. Puissance: on suggére 1/f! = 0’. 


F. Angles. 
F. 3. F. 4 A éliminer. 


116 3e 


G. Rapports de dimensions. 


1 a c ee / Poay Se I 

G. 1. Grandissement transversal y'/y = g’ ou 8’. 
: : ! 
G. 2. Grandissement angulaire «’/ao = g’, ou y’. 


) 
ro. Ge & A -éliminer: 


H. Paramétre fondamental de la diffraction. 


Aprés un rapide échange de vues il est décidé de laisser 
cette question a étude. 


ANNEXE III 


Following the action of the I. C. O. executive committee 
in outlining a plan of the establishment of Optica Acta 
and in connection with the discussion of this meeting 
regarding the acceptance, rejection and modification 
these proposals, the American delegation submits the 
following statement of our views. 


American thoughts about Optica Acta. — The _ pro- 
posal to establish a Western European Journal which 
should carry all of the important research contribu- 
tions from Great Britain and the Western European 
Countries, some contributions from all countries, summa- 
rizing articles, proceedings of the I. C. O., and abstracts 
of much of the optical hterature appearing in other 
publications seemed to us to have much to recommend 
it. The points in favour of this proposal seemed to us 
to be as follows : 


1. It would facilitate the distribution of Western 
European Research results in optics all over the world by 
concentrating them mostly in one journal instead of 
distributing them in small national journal of optics, 
or hiding them in journals of physics among many non- 
optical contributions. 

2. It would make possible ultimately a self-suppor- 
ting journal of healthy finantial condition because it 
would draw its research material and its reader support 
from many countries instead of mainly from one country. 

3. It would encourage international cooperation in 
optics, and as such seems to be worthy of support in 
its initial stages on the part of I. C. O. In fact it seems to 
us that the launching of Optica Acta is probably the most 
important of the current projects of the I. C. O. 


In short, we visualized in Optica Acta a journal that 
would do for Western European optics what the Journal 
of the Optical Society of America does for North American 
optics. In our thinking of Optica Acta as the European 
opposite number of JOSA, we have perhaps gone further 
than others in the I. C. O. have gone, and perhaps we 
have gone further than is desirable or feasible. However, 
these points of similarity between JOSA and Optica 
Acta are now envisaged : 


1. Both journals would carry all the important con- 
tributions from their respective areas. 

2. Both journals would accept for publication occasion- 
nal articles originating from outside areas; that is, 
JOSA will continue to carry papers written in Western 
Europe, South America, and other continents if the 
authors submit them for publication in JOSA, and we 
would expect Optica Acta to draw from the whole world, 
including North America, on the same basis. 
es a journals would carry the proceedings of the 

%. Both journals would be under control of the people 
who supply the papers published therein and who read 
them. Note that this principle suggests strongly, and 
almost makes necessary, the formation of an Optical 
Society of Western Europe. We, in America, would be 
very happy to see such a society formed, if it is at all 
feasible, and would regard such formation as a project 
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of I. C. O. even more important than merely setting up 
Optica Acta. 

Would it be possible to establish a Western European 
Optical Society, qualifications for membership to be 
based upon personnally subscribing to the proposed 
Optica Acta with the distinct understanding that when 
such membership reaches a stated figure, say 400, the 
body then assumes control of Optica Acta and governs 
its policy and program by a democratic process including 
the election of directors, editor, and so forth, by the 
membership of this society ? Later on it would be hoped 
that this society might assume other obligations, such 
as the arrangement of meetings at stated intervals. 

We recognize of course, that there are reasons, some 
of which we understand incompletely from our lack of 
intimate contact with European Affairs, why an Optical 
Society of Western Europe cannot possibly be construc- 
ted strictly according to an American model, and also 
that there are other reasons why it would be undesirable 
to do so even if possible. Some of these reasons are as 
follows : 

1. The many languages spoken in Western Europe 
will require special consideration both in the holding of 
meetings and in the publications of papers. But we note 
that the colloquia sponsored by the I. C. O. have been 
very susccessful, and take this to mean that the way to 
solution of the language difficulty has already been char- 
ted. 


2. The political cold war prevents many of our collea- 
gues (Poland, Czechoslovakia) from attending meetings 
on optical problems freely. 

3. Finantial difficulties arising from exchange of natio- 
nal currencies and from national economies depleted 
by the war present special problems. 


But it would be undesirable to try to give these Kuro- 
pean problems an American solution, even if it were 
possible, because the solution must come from these who 
are fully acquainted with the problems. We Americans 
should only do what we can to help in such solutions and 
to encourage those must grapple with them. 

If Optica Acta is set up as a Western European counter- 
part to JOSA, we envisage the following kinds of coope- 
ration between JOSA and Optica Acta: 


1. Collection of money paid for subscriptions in Wes- 
tern Europe to JOSA by a central agency, and for 
subscriptions in North America to Optica Acta hy another 
central agency. The balancing off of the one charge against 
a part of the other will alleviate some of the difficulties 
of foreign exchange. 

2. Exchange of abstracts of articles printed in each 
journal in galley proof form to speed up the abstracting 
service. ; 

3. An American might serve as an associate editor on 
the editorial committee of Optica Acta, and European 
member or members of the Optical Society of America 
might serve as Associate Editors of the JOSA. 


What we would not like to see happen to Optica Acta 
is following : 

1. It should not be under the control of a publishing 
house. 


2. It should not be under the control of a self-perpe- 
tuating Board of Directors ; rather it should be managed 
either by a democratic organization responsive to the 
needs and wishes of Western European optical workers 
as a whole, or it should be under sponsoring organizations 
of the Western European countries who now name the 
delegates to the I.C.O. This is not to be construed 
as a criticism of the present Board of Directors as tenta- 
tived announced. 
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